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EXECUTI VE SUMVARY

Al gorithnms are currently under devel opnment to map snhow cover
(including ice on large, inland | akes), sea ice cover, and
sea ice surface tenperature (IST), using future Earth
(observation System (ECS) Moderate Resol ution | maging
Spectroradi oneter (MODI'S) data. The Level -3 products
(digital maps) will provide daily and 10-day conposites of

gl obal snow and | ake ice cover at 500-mresol ution, and sea
ice cover and I ST at 1-kmresolution. Statistics will be
provi ded regardi ng the extent and persistence of snow and ice
cover at each grid cell for the Level -3 products. The snow



(SNOVAP) and sea ice (1 CEMAP) mapping al gorithns enpl oy a
Norrmal i zed Di fference Snow I ndex (NDSI) to identify and
classify snow and ice on a pixel-by-pixel basis. SNOVAP and
| CEMAP enpl oy the | and/ water mask and the MODI' S cl oud nask to
define the areas of interest. Then the MODI S surface

refl ectance product is used as input. The useful ness of the
NDSI is based on the fact that snow and ice are consi derably
nore reflective in the visible than in the short-wave IR part
of the spectrum and the reflectance of some clouds renains
high in the short-wave IR, while the reflectance of snowis
low. MODIS snow and ice products will be archived at the
Nat i onal Snow and Ice Data Center (NSIDC) Distributed Active
Archive Center (DAAC), |ocated in Boul der, Col orado.

Val i dation of the SNOVAP and | CEMAP al gorithns is being
undertaken in the pre-launch tine frame and will be continued
in the post-launch time frane. Current validation efforts
show that on a TM scene of the snow covered Sierra Nevada
Mountains in California, SNOVAP has >98 percent accuracy in
mappi ng snow cover for pixels that contain about 50-60
percent or nore snow cover. For pixels that contain <50
percent snow cover, the accuracy is |ess. SNOVAP has been
run on approximately 25 other TM scenes. Because snow
mappi ng i n densel y-forested areas represents a limtation to
snow nmappi hg, we rmust determ ne error bars for mappi hg snow
in these areas of the worl d.

The accuracy of the MODI'S snow maps will vary with | and-cover
type; the SNOVAP al gorithm has been and will continue to be
tested in a variety of land covers. FErrors have been or wll
be determ ned for the followi ng |and covers: agricultural,
al pine, forested, prairie and tundra areas. This wll be
done using a series of focused field and aircraft
experiments. These errors will be extrapolated to the gl obal
scale at least initially, to gain quantitative insight into
gl obal -scal e errors to be expected using SNOVAP. A gl oba
error estimate will be made by determning errors in each of
the different |land covers, weighted by the percent of that
particular |and cover in the snow covered areas gl obally.
Error estimates will be refined in the post-launch tine
frame, at which tine it will be possible to use the M S at -
| aunch | and-cover product to identify classes of |and cover
gl obal l'y.

The MODI' S snow and ice products will be validated in

rel ationship to EGS and non- ECS snow data sets, as well as
ground observations. Focused aircraft and field canpai gns
have been undertaken in order to validate SNOVAP and | CENVAP.
Aircraft and field experinents have been conducted in
forested areas of Montana, Saskatchewan and Al aska, and over
prairies in Mntana, and tundra in Al aska, and over sea ice
in the Bering and Beaufort Seas off the coasts of Al aska.

The MODI' S Airborne Sinulator (MAS) has been flown in

Saskat chewan and Al aska. Additional canpaigns are planned to



val i date the snow and ice nmaps and | ST using ground and
aircraft data in the pre- and post-launch tinme frane.
Specifically, a field and aircraft experinment is planned in
conjunction with other MODI S investigators in Wsconsin and
New Hanpshire for January and February 1997. Additiona
post -l aunch validation activities will be undertaken in key
areas of interest.

For post-launch validation of river-basin scal e areas,
Landsat - 7 Enhanced Themati c Mapper+ (ETM+) and ECS Advanced
Spaceborne Therrmal Em ssion and Refl ection Radi onmeter (ASTER)
data will also be used follow ng the launch of the first ECS
AM spacecraft. For post-launch validation at the hem spheric
scal e, NOAA/NESDI S snow and sea ice nmaps will be avail abl e
for conparison. NOAA National Operational Hydrol ogi c Renote
Sensi ng Center (NOHRSC)-derived regional naps are now
available, and in the future will be available for conparison
with the MODI S maps. Advanced M crowave Scanner Radi oneter
(AVBR) - deri ved snow and ice maps will be available (in 2000
and beyond).

Only in the post-launch tinme frane will it be possible to
determ ne the full capabilities of the MO S for snow and sea
i ce mappi ng because the uni que conbi nation of MODI S spectra
bands has not been available on a satellite prior to M S.
Also in the post-launch tine period, and, after the |launch of
t he ECS- PM spacecraft, the potential exists for conbining
MODI'S, Multi-Angle |Inmaging Spectro-Radi oneter (M SR) and
Advanced M crowave Sounder Radi oneter (AVMSR) data products to
generate an enhanced snow product. It is envisioned that a
product can be devel oped that will enploy reflective and
passi ve-m crowave data that will permt snow extent, albedo
and depth to be nmapped, thus enabling daily nmaps to be
generated irrespective of cloud cover and darkness.



1.0 I NTRODUCTI ON

The purpose of the MODI S snow mappi ng (SNOVAP) and ice
mappi ng (1 CEMAP) algorithns is to generate gl obal snow and

| ake-ice cover products, and gl obal sea ice-cover products
fromMOXD S data. The SNOVAP al gorithmis based on ratioi ng

t echni ques that have been proven to be successful at |oca
and regional scales. Results herein show that the techni que
can be applied globally. Daily snow and ice maps and naxi mum
10-day snow and | ake ice cover, snow covered area (i.e.

hem spheric snow ine), and daily and maxi num 10- day
conposited sea ice-cover and sea ice surface tenperature
(1ST) Level-3 digital-map products will be generated in the
Product GCeneration System (PGS) of the Earth Cbservation
System Data I nformati on System (ECSDI'S) (Figures 1 and 2).
Users may access the products using the services of ECSD S.
Snow and ice products will be archived at and distributed
fromthe National Snow and Ice Data Center (NSIDC)
Distributed Active Archive Center (DAAC) at the University of
Col orado i n Boul der, Col orado.

The MODI S snow nmaps will augnment the val uabl e record of

Nort hern Hem sphere snow cover that was started in 1966 by
NOAA (Matson et. al., 1986). The nunerous spectral bands and
superior spatial resolution of MODI'S, relative to the
Advanced Very H gh Resol ution Radiometer (AVHRR), will permt
an inproved ability to map snow and ice. The MDD S snow
cover product will be an advancenent over the NOAA maps
because MIDI S-derived nmaps will be able to provide snow nmaps
at 500-mspatial resolution (versus 25-kmresolution for the
NOAA product); also, daily as well as conposited maps will be
produced from MDD S data. And, the MDD S product devel oprent
will be automated thus reducing or elimnating errors due to
human subjectivity. Statistics concerning snow cover

persi stence and duration using the 10-day conposites wll be
generated. Furthernore, additional snow cover information on
pi xel s that are 50-60 percent snow covered nmay be able to be
provided with the MODIS maps if a reasonabl e threshold can be
identified after analysis of data in a variety of |and
covers.

The sea ice maps will augment the record of sea ice cover
that is produced by NOAA. Currently, there is no | ST product
generated on a regular basis fromsatellites. Therefore, the
MODI S | ST product will represent an inportant advance for the
sea i ce and gl obal nodeling conmuniti es.

SNOVAP and | CEMAP will identify snow, |ake ice and sea ice by
their reflectance or emttance properties. SNOVAP consists
of a series of criteria tests and decision rules that
identifies snow and | ake ice, if present, in each pixel of a
MDI S i mage. SNOVAP will generate a data set of global snow
cover and of ice cover on large, inland | akes at 500-m
resolution. ICEMAP is structured in a simlar fashion to



SNOVAP, for mapping daily and maxi num 10-day conposited sea
ice cover globally at 1-kmresolution. Also at 1-km
resolution, IST will be mapped daily and average ice surface
tenperature will be mapped for 10-day periods, day and night.

The basic techni ques used in the snow and i ce mappi ng

al gorithnms are threshol d-based criteria tests, the normalized
di fference between bands, and decision rules. Use of the
rati o of a short-wave IR channel to a visible channel was
determ ned by Kyle et al. (1978) and Bunting and d' Entrenont
(1982) to be useful for snow cover mapping, and | ater
utilized by Dozier (1989) to nmap snow in the Sierra Nevada
Mountains. This nethod is the basis for SNOVAP and | CEMAP
The basis of the IST algorithmis the work of Key and Collins
(in press); the IST algorithmw Il enploy two MODI S | R bands.

Expected errors will be determ ned quantitatively in the pre-
| aunch tine frame by determ ning snow nmapping errors in five
| and covers (agricultural, alpine, forest, prairie and
tundra). These errors will be extrapolated to the gl obal
scale for a rough estimate of gl obal-scale error in snow
mappi ng using SNOVAP. In the post-launch tinme frame, use of
the MODI S | and-cover nmap will permt us to inprove our error
estimate, both in individual |and covers and on the gl obal
scale. Using the MODI S | and-cover map, we nay al so be able
to determne a credible threshold value in forested areas
that will enable nore snow to be mapped in those areas.

Devel opnent of algorithms to map snow, |ake ice and sea ice
is an evolutionary process. The algorithms nmay change as

i nput data and information inprove, and in response to the
results of validation studies. The algorithns are likely to
change after MODIS Airborne Sinmulator (MAS) data are

anal yzed, and again after MODIS is |launched. At that tine,
the full capabilities of the MODI' S sensor can be utilized to
optim ze the derivation of snow, |ake ice and sea ice cover
and | ST.

1.1 Experimental Objective

The snow, | ake ice and sea ice products will be used to
nmonitor the variability and trends in gl obal snow and ice
extent, and to determ ne duration of |ake ice on |arge,
inland | akes. d obal snow cover and sea ice are inportant
paraneters in gl obal energy bal ance; |IST has a profound

i nfl uence on sea ice growh, snow metanorphosis, and snowice

nelt (Key and Collins, in press). It has been shown that
gl obal clinmate nodels (GCMs) do not sinulate the present
Arctic climate very well (Bromwich et al., 1994); thus

i mproved measur enents of gl obal snow and ice cover and ot her
cryospheric elenents are necessary to inprove nodeling
scenari os.



The objective of this research is to devel op and i npl enent
algorithnms that will nmap snow and ice on a daily basis, and
provide statistics about the extent and persistence of snow
and ice cover over a 10-day period. The SNOVAP and | CENVAP
out put products will consist of daily data and data
conposited to create a digital map of naxi mum 10-day gl oba
snow, |ake ice and sea ice extent (Level-3 product). [See
Appendi x A for definitions of product |evel descriptions.]
Data will be gridded in a pol ar-stereographic projection for
the Northern and Sout hern Hem spheres, then cast to a

si nusoi dal projection for snow and | ake i ce cover, and
retained in the pol ar-stereographic projection for sea ice
and | ST maps. |IST will al so be napped daily and average | ST
wi Il be mapped in 10-day conposites. Snow cover in pixels
that are 50 - 60 percent or greater snow covered will be
mapped.

MODI S-derived snow and sea ice extent will al so be produced
at 1/4° X 1/4° resolution and will be available as input to
GCMs. Also, at a typical GCMgrid scale of 60 X 60 km the
500-mresolution data will enabl e sub-pi xel snow nappi ng for
use in regional and global clinmate nodels. A snow cover
subnodel can be used to take advantage of patchy snowrelt
nodel i ng devel opnents (Liston, 1995). Fromthe 500-m

resol ution snow product, snow cover depletion curves for each
nodel grid cell can be calculated (den Liston, ora

conmuni cation, 1996). The generation of a nethodol ogy which
directly accounts for the influence of subgrid-scal e snow
cover variability, within the context of regional and gl obal
climate nodels, is expected to i nprove key features of the
nodel -sinul ated Earth’s radi ati on bal ance and | and-surface
hydr ol ogy.

A consistent record of ice conditions on large inland | akes
will permt studies to be done on freeze-up and break-up
dates of large | akes. These data can be correlated with

regi onal meteorol ogical conditions and will be useful in

cli mat e-change studies. Such a record, at 500-mresol ution
may al so be useful to operational ice nmapping for navigation,
but our planned nmaps are not designed for such an application
because the tinme required to generate and distribute the ECS
data followi ng acquisition is likely to be greater than that
required for operational use.

1.2 Algorithm Inplementation

Expected MODI S data i nputs to SNOVAP and | CEMAP are MODI S
cal i brated, geol ocated surface reflectances and the MDD S

cl oud mask. The surface reflectance product is scheduled to
be available by the third quarter of 1998, assum ng that the
| aunch occurs during the second quarter of 1998. In
addition, an ancillary land/water mask will be required for
SNOVAP. Current plans call for usage of the 1-km |l and/ water



mask bei ng generated by the EROS Data Center in Sioux Falls,
SD.

Bot h SNOVAP and | CEMAP are coded in sensor-specific versions
for prototyping. Specific sensor versions of the algorithns
are necessitated by the fact that no current instrunent has
all the MDD S bands or capabilities. Current instrunents
have band coverage over sone of the regions of the

el ectromagnetic spectrumthat MODIS will cover; these are
used for devel oping al gorithm concepts. The Landsat TM and
the MAS are the sensors nost relevant for testing al gorithns
bef ore |l aunch and for |aying the foundation for the at-I|aunch

algorithnms. However, TMviews only +/-8° fromnadir and has

only 7 spectral bands. The MAS views +/-43° fromnadir which

is close to the MDI S view angles that will be used in our
al gorithm (+/-45) and the MAS has 50 channel s.

2.0 BACKGROUND
2.1 Renmot e Sensing of Snow Cover

Satellites are well suited to the neasurenent of snow cover
because the high al bedo of snow presents a good contrast with
nost ot her natural surfaces except clouds. Because of this
characteristic, snow was observed in the first inmage obtained
fromthe TIRCS-1 weather satellite following its April 1960

| aunch (Si nger and Popham 1963). However, it was in the

m d- 1960s that snow was successfully mapped from space on a
weekly basis followng the launch of the ESSA-3 satellite.
ESSA-3 carried the Advanced Vi di con Canmera System (AVCS) t hat
operated in the spectral range of 0.5 - 0.75 ymwith a
spatial resolution at nadir of 3.7 km Using a variety of
sensors, including the Scanni ng Radioneter (SR), Very H gh
Resol uti on Radi oneter (VHRR) and AVHRR sensors, snow cover

has been mapped in the Northern Hem sphere on a weekly basis
since 1966 by NOAA (Matson et al., 1986; Matson, 1991).

The average maxi mum snow cover in the Northern Hem sphere
occurs in the month of February and is 46.2 nillion kn?,
based on 22 years of NOAA/NESDI S data. Wirk by Robi nson et
al. (1993) has shown that nean nonthly snow cover in the

Nort hern Hem sphere may have standard deviations of up to
about 3 X 106 kn?, and on an annual average the standard
deviation is about 1.1 X 106 kn?. Their work al so shows that
the standard error for nonthly snow cover for the Northern
Hem sphere can range from about 4 percent to about 25 percent
of the nonthly nean. (There is a definite seasonality in the
deviations, wth the greatest deviations observed for sumer
nonths and the | east observed for winter nonths.)

Regi onal snow products, with 1-kmresolution, are produced
operationally in 3000 - 4000 drainage basins in North
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Anerica by the National Wather Service using NOAA Nationa
Qper ational Hydrol ogi ¢ Renote Sensing Center (NOHRSC) data
(Carroll, 1990 and Rango, 1993). Passive-n crowave Sensors
on-board the NNnbus 5, 6, and 7 satellites and the Defense
Met eor ol ogi cal Satellite Program (DVBP) have been used
successfully for measuring snow extent at a 25- to 30-km
resol ution through cl oudcover and dar kness since 1978 (Chang
et al., 1987). Passive-m crowave sensors al so provide

i nformati on on gl obal snow depth (Foster et al., 1984). The
NOAA/ AVHRR and t he DVSP Speci al Sensor M crowave | nager
(SSM) are currently in operation. The Landsat Muiltispectral
Scanner (MSS) and TM sensors, wi th 80-m and 30-mresol ution,
respectively, are useful for mneasurenent of snow covered area
over drai nage basins (Rango and Martinec, 1982).

Additionally, Landsat TM data are useful for the quantitative
nmeasur emrent of snow refl ectance (Dozier et al., 1981; Dozier,
1984 and 1989; Hall et al., 1989; Wnther, 1992).

Ref | ectance of fresh snowis very high in the visible part of
the el ectromagneti c spectrum but decreases in the near-IR
especially as grain size increases (O Brien and Munis, 1975;
Choudhury and Chang, 1981; Warren and W sconbe, 1980; Warren,
1982). In addition, soot fromindustrial pollution becomes

i ncorporated into the snowpack and this may decrease al bedo
and enhance snownelt (C arke and Noone, 1985; Warren and

G arke, 1985; Conway et al., 1996). Both because of natural
agi ng and other factors (e.g. soot or vol canic ash
deposition), the reflectance of snow decreases over tine.
Fresh snow can have a refl ectance (integrated over the
reflective part of the spectrun) up to about 80 percent but
its reflectance nay decrease to bel ow 40 percent after snow
crystal s met anor phose.

Snow, like all natural surfaces, is an anisotropic reflector
(Sal ononson and Marlatt, 1968; Dirmhirn and Eaton, 1975;
Steffen, 1987). The reflectance fromsnowis greatest in the
forward direction and is largely specular. Wiile freshly
fallen snow can be nearly a Lanbertian reflecting surface, as
snow net anor phoses t he specul ar conponent characteristic of
forward scattering increases (D rmhirn and Eaton 1975;
Steffen, 1987).

2.2 Remote Sensing of Ice on Large Inland Lakes

The formation of |ake ice brings shipping and transportation
on inland waterways to a standstill for several nonths every
year in many northern areas. |In addition to the inpact on
humans, the presence or absence of ice on | akes can have a
maj or i nfluence on the ecology of a region. The presence of
ice can govern the viability of fish life in a |ake, for
exanpl e.
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Lake ice formation, thickness and break-up are al so key

i ndicators of regional climte especially in data-sparse
regi ons which characterize nuch of the Arctic (Pal ecki and
Barry, 1986). Lakes that freeze each wi nter are good

i ndicators of regional climte change if key paraneters such
as the dates of freeze-up and break-up date and maxi numi ce
t hi ckness are neasured over a decade-scale tine frane.

Sone northern regi ons have experienced climate warm ng over

t he past few decades (or longer) as neasured in the
per maf rost record and in neteorol ogi cal records (Chapnman and
Wal sh, 1993). Schindler et al. (1990) showed that air and

| ake tenperatures in the Experinmental Lakes Area of

nort hwestern Ontari o have increased by 20C, and the | ength of
the ice-free season has increased by 3 weeks, according to 20
years of observations.

NOAA dat a have been used successfully to study |ake ice on
the Great Lakes. Because of the daily coverage of the NOAA
satellites, data may be used operationally in spite of the
fact that cloudcover obscures the surface for nuch of the
time. Ilce conditions are also of interest because open water
areas or large leads in the Great Lakes, for exanple,
contribute noisture to feed major snow storns. Mich recent
work on the renote sensing of the Great Lakes has been
acconpl i shed (see Assel et al., 1994).

2.3 Renmot e Sensing of Sea |ce Cover

Sea ice is an inportant conmponent in the global climte
system Typically overlying approximately 7 percent of the
worl d's oceans, sea ice experiences considerabl e seasonal
variability in both hem spheres. In the Northern Hem sphere,
the total extent of sea ice varies froma mni num of about
7.8 x 106 kn? in Septenber to a nmaxi num of about 14.8 x 106
km? in March, and in the Southern Henisphere the extent
varies fromabout 4 x 106 kn? in February to about 20 x 106
kmé in Septenber (Parkinson et al., 1987). Sea ice
significantly reduces the anount of solar radiation absorbed
at the Earth's surface, greatly restricts exchanges of heat,
mass, and nomentum bet ween ocean and at nosphere, and affects
the density structure of the upper ocean through the salt and
heat fl uxes associated with the freezing and nelting
processes. The changes in density structure at tines lead to
deep-wat er and even bottomwater formation, and the net

equat orward advection of sea ice provides a transport of

cold, lowsalinity water out of the polar regions (Parkinson
et al., 1987).

Satellite renote sensing is a useful tool for nmapping sea ice
edges and ice concentration globally. A global year-’round
record of ice-covered Antarctic and Arctic seas was acquired
fromthe Electrically Scanning Miltichannel M crowave

Radi oneter (ESMR) on N nbus-5 following its 1972 | aunch
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(Zwal ly et al., 1983; Parkinson et al., 1987). d obal naps
of sea ice extent and concentrati on have been produced. The
ability of passive-mcrowave instrunents to collect data

t hr ough cl oudcover and pol ar darkness nmakes them wel | suited
for global nmonitoring of sea ice, but mcrowave instrunents
do not collect data on al bedo or thermal -emtted energy from
sea ice. Information on al bedo and tenperature is inportant
during the spring-sumer-autum seasons to hel p anal yze

ener gy exchange of sea ice. Masurenent of sea ice al bedo
and tenperature are possible with optical sensors such as the
AVHRR and Landsat TM (Li ndsay and Rot hrock, 1993; Key and
Haef l i ger, 1992 and Key and Collins, in press) and wll be
possible with M S.

There is no ideal sensor for the conprehensive study of sea
ice. Nor does a single sensor exist that is capabl e of
nmeasuring or nonitoring the many characteristics of sea ice
t hought to be inportant to climate nodeling and gl obal
change. Conbinati ons of sensors nust therefore be enpl oyed
(Comso et al., 1991). The passive-m crowave satellite data
fromthe DVSP/ SSM are obtai nable daily through cl oudcover
and are useful for determ nation of ice type and
concentration. The resolution of these data, which varies
fromabout 15-30 km is too poor for detailed studies of ice
novenent and | ead structure. The inmagi ng sensors on-board

t he Landsat and NOAA satellites are useful for ice novenent
and |l ead orientation studies, but all-too-frequently

cl oudcover intervenes to reduce the utility of the acquired
data. Synthetic Aperture Radar (SAR) data are unsurpassed
anong renote sensors for showi ng | ead orientation, shear
zones and drift patterns throughout the year, day or night.
The ERS-1 and JERS-1 satellites with SARs on-board have

al ready provided rmuch additional inportant information about
sea ice since the 1991 |aunch of ERS-1. ERS-2 and RADARSAT
data are al so beginning to provide both |ocal and regi ona
coverage of sea ice. However, SARs do not provide gl obal
coverage on a daily basis as is possible wth passive-

m crowave, NOAA and future MODI S sensors.

As it ages, newl y-formed, snmooth and thin sea ice is

nmet anor phosed by tenperature fluctuations, conpressive and
shear forces, surface currents and winds. In addition, the
ice thickens and snow falls on top of the ice. R dge
formati on and surface roughness increase with age, and the
angul ar edges and snooth surfaces of first-year ice floes are
transformed i nto rounded edges with hummocky, ridges and

surf aces.

Because the anmount of heat exchange between the ocean and the
at nosphere is influenced by the thickness of sea ice, it is

i mportant to be able to distinguish first-year and multi-year
sea ice using satellite data. The surface tenperature of
first-year and nulti-year sea ice is different during the
winter until the first-year ice attains a certain thickness;
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t hese tenperature differences, neasured by AVHRR and future
MODI S sensors, should aid in the determnation of ice type.

Key and Haefliger (1992) have shown that AVHRR thermal -1 R
data over snow covered sea ice can be used to neasure ice
surface tenperature under clear-sky conditions. An inportant
potential error in |IST measurenent occurs when ice crystal
haze forns over the ice surface. Ilce crystal haze can result
inice surface tenperature errors of approxi mately 20 K
Research has shown that the I ST retrieval algorithmof Key
and Haefliger (1992) and Key and Collins (in press) is
reliable in the Arctic, and is accurate to 0.3 - 2.1° K

Much additional rel evant research has been conducted. Only a
cursory background is given in this report. Additional
relevant literature is available in nmany sources, including
Rango (1993) for snow studies, and Barry (1986) and Carsey et
al. (1992) for sea ice studies.

3.0 MODI S | NSTRUMENT CHARACTERI STI CS

MODI S bands covering fromthe visible through the IR parts of
t he spectrum (Sal ononson and Tol I, 1991) will be used in the
MODI S snow and sea ice-mapping algorithnms. Based on

t heoretical considerations and SNOVAP prototyping efforts,
MDI S bands 4, 6, 7, 13, 16, 20, 26, 31, and 32 (Table 1) may
be used as inputs. TM and AVHRR bands corresponding to MDD S
bands are also listed in Table 1 for conparison. MDD S has
hi gher spectral resolution than the TM and AVHRR sensors.

MODI S band sel ection for SNOVAP has been | argely determ ned
by research done w th conparabl e wavel ength data fromthe T™
sensors. As MDD S Airborne Sinmulator (MAS) data are

anal yzed, selection of optinum MODI S bands to use i n SNOVAP
and | CEMAP may to change.

Table 1. MXDI'S band centers and correspondi ng TM and AVHRR
bands. The asterisks indicate that the MODI'S band may be
used as input to SNOVAP and/ or | CENVAP.

MODI S Cent er Spat i al TM band AVHRR band
band Wavel ength Res. (m
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1 0. 645 250 1
2 0. 858 250 4 2
3, 0. 469 500 1

4 0. 555 500 2

5, 1. 240

6 1. 640 500 5

7* 2.130 500 7

8 0.412 1000

9 0.443 1000

10 0.488 1000

11 0.531 1000

12 0.551 1000

13 0.667 1000 3 1
14 0.678 1000 3 1
15 0.748 1000 2
16 0.869 1000 4 2
17 0.905 1000 2
18 0.936 1000 2
19 0.940 1000 2
20 3.750 1000 3
21 3.959 1000 2
22 3.959 1000

23 4.050 1000

24 4.465 1000

25 4.515 1000

26 1.375 1000

27 6.715 1000

28 7.325 1000

29 8.550 1000

30, 9.730 1000

31" 11.030 1000 6 415
32 12.020 1000 5
33 13.335 1000

34 13.635 1000

35 13.935 1000

36 14.235 1000

Sone snow cl oud discrimnation may be acconplished with MDD S
bands 6 and 7 located in the short-wave IR part of the
spectrum Further cloud-masking capabilities will be

provi ded by the MO S cl oud- maski ng product.

Snow typically has very high visible reflectance (Figure 3).
The specifications of MODI S band response ranges are great
enough that MODI S visible sensors should not saturate when
observing snow. (Conversely, sensor saturation over snow in
TM bands 1-3 is conmmon; saturation in TMband 4 is |ess
conmon, but may occur after a new snowfall especially in
spring. Sensor saturation over snow does not occur in TM
bands 5 and 7). Based on the MDD S specifications, MDD S
band 4 should not saturate if snowis present; it is thus an
i nportant band for snow identification and nmeasurenent.
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The wide swath (+/- 550) of the MODI'S sensor will be suitable
for large-area coverage. Only data from+/- 450 view angl es
will be used for production of the snow nmaps because the
distortions in pixel geonetry and the increases in snow

ani sotropy at angles greater than 450 are likely to adversely
affect our ability to cal cul ate snow covered area using
SNOVAP. (Furthernore, as snow is an anisotropic reflecting
surface, snow may not be mapped at non-nadir angles exactly
as it is at nadir because SNOVAP was desi gned using the TM
which is a near-nadir-viewi ng sensor. This is currently
bei ng i nvestigated using MAS data that just recently becane
avai l able.) [See section 4.2.3.3.]

4.0 ALGORI THM DESCRI PTI ONS
4.1 Philosophy Behind Selection of Algorithns

Many different algorithns for mappi ng snow have been studi ed.
A band ratio, threshol d-based al gorithmwas sel ected for the
foll ow ng reasons:

1) Its accuracy has been tested over a variety of surface
covers relative to other derived snow cover naps.

2) It runs automatically, w thout human intervention.
3) It is conputationally frugal
4) It can be enployed gl obally.

5 It is straightforward conputationally, and thus easy for
t he user to understand exactly how t he product is generat ed.

Wil e other algorithns nmay have greater accuracy at the
regi onal and | ocal scales, they do not fulfill the
requirenments relative to conputer usage, automation and
ability to map snow and ice gl obally.

The current version of SNOVAP has provide good results on TM
i mges of a forested M nnesota | andscape, northern Montana
forests and prairie, the Sierra Nevada Muuntains, in

Cal i fornia, Chugach Mountains, an al pine environnment in

Al aska, Vatnajokull, ice cap, lIceland, and the Brooks Range,
Al aska and others. | CEMAP has successfully mapped sea ice on
t he sout hwest coast of Greenland and in a scene of sea ice
near Antarcti ca.

Snow has strong visible reflectance and strong short-wave IR
absorbing characteristics. The Nornalized D fference Snhow
Index (NDSI) is an effective way to distinguish snow from
many ot her surface features. Both sunlit and sonme shadowed
snow i s mapped effectively. A simlar index for vegetation,
the Nornmalized Difference Vegetation Index (NDVI) has been
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proven to be effective for nonitoring gl obal vegetation
condi tions throughout the year (Tucker, 1979 and 1986).

Q her prom sing techniques, such as traditional supervised-
mul tispectral classifications, spectral-m xture nodeling, or
neur al - networ k anal yses have not been shown to be usable for
automatic application at the global scale. They are also
conputationally intensive. Training or interaction of an
interpreter are required for successful application of

t echni ques such as neural -network anal ysis. These techni ques
may progress to regional applications and possibly even

gl obal application in future years, but this evolution wll
not occur before 1997, when an at-launch algorithmis
required to be delivered. However, in the post-launch tine
frame, if neural -network and/ or spectral -m xture or other
anal ysi s techni ques can be used to "train' on the entire

gl obe using MODI'S data, then one of these nmethods m ght be

i npl enented to map gl obal snow and ice cover. |If proven to
i nprove the accuracy of the global snow and ice-cover maps
significantly, MODI'S data will be reprocessed using a nore
advanced cl assification technique if the conputational
efficiency of the conputer hardware has evol ved enough to
handl e the increased | oad.

4.2 SNOVAP

The snow mappi ng algorithm SNOVAP (Hall et al., 1995; R ggs
et al., 1996), is designed to identify whether snowis
present in each 500-m pi xel for each orbit. A global, daily
snow product will be produced. A 10-day conposited snow
cover product will be generated by conpositing successive
days of snow cover products. This will yield maxi num snow
extent for the 10-day period. |If a pixel were snow covered
on any orbit during that period, then that pixel wll be
mapped as snow covered even if it were snowfree on all of
the other orbits during the 10-day period. Oher coverage
and persistence statistics will also be included to assi st
anal ysis of the data product. Summary statistics and quality
assurance (QA) data will be included as netadata.

There has been nuch di scussi on concerning the optinmm
conpositing period for the snow and ice maps (e.g. see Hall,
1995). While weekly conposites would correspond with the
NOAA/ NESDI S maps and the NOHRSC maps, sone nodel ers are
interested in |onger conpositing periods, e.g., 10 days to
one nonth. Since the Science Wrking G oup for the A M

Proj ect (SWAMP) suggested 10-day conpositing periods, and
since there appear to be no conpelling reasons why anot her
conpositing period should be used, we decided to produce 10-
day conposites. This enables the snow and ice nmaps to be
conparabl e with other derived products fromMXOD'S, as well as
products fromother sensors. |If a researcher wants to
produce a conposited product for any period other than a 10-
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day period, fromour daily product, this can be done using
the daily data.

4.2.1 Normal i zed Difference Snow |ndex (NDSI)

The NDSI is useful for the identification of snow and i ce,
and for separating snowice and nost cumulus clouds, to

i nprove our ability to identify snowice and decrease
reliance on single-band, "universal" thresholds. Figure 4 is
a TM col or conposite of northern Montana, including d acier
National Park. Results of the SNOVAP al gorithm as applied
to this scene are shown in Figure 5. The NDSI is a measure
of the relative nmagnitude of the characteristic reflectance
di fference between the visible and short-wave IR refl ectance
of snow. The NDSI is insensitive to a wide range of
illumnation conditions, is partially nornalized for

at nospheric effects, and does not depend on reflectance in a
singl e band. The NDSI is anal ogous to the nornalized-

di fference vegetation index (NDVI) (Tucker, 1979 and 1986;
Townshend and Tucker, 1984). Various ot her techni ques

enpl oyi ng ratioi ng techni qgues have been used previously to
map snow, as discussed in section 1.0. For Landsat TM data
the NDSI is cal cul ated as:

NDSI = (TMBand 2 - TMBand 5 /(TM Band 2 + TM Band 5) [1]

Pi xel s that are 50-60 percent or greater covered by snow have
been found to have NDSI val ues = approximately 0.4 in our
testing of a TMscene of the Sierra Nevada, California.
Separation of snow and water is done by a TM band 4

reflectance test. |If the reflectance of TM band 4 >11
percent, and the NDSI =>0.40, snow covers 50 - 60 percent or
nore of the pixel. The NDSI threshold has been determ ned

fromdetail ed anal ysis of nunerous TM scenes, conpari sons
wi t h supervi sed-cl assification techni ques and conpari sons of
a SNOVAP-derived map of the 10 May 1992 TM scene of the
Sierra Nevadas with a snow nap derived from Rosent hal and
Dozi er (1996).

Pure snow has a high NDSI but NDSI decreases as other
features are mxed in a pixel. Snowin mxed pixels has an
NDSI that is less than that for pure snow. An exanple of
this can be seen in Figure 6, show ng snow, snow in forest,
and pure forest sanples from TM data covering d aci er

Nati onal Park, Montana. Pure snow can be di stingui shed by
its high NDSI value. Sanples obtained fromdense forests
fromthe same location in dacier National Park were
extracted froma | ate-sunmer TM scene (3 Septenber 1990) and
froma |ate-winter TMscene (14 March 1991), and are | abel ed
"forest sumer' and 'forest winter,' respectively in Figure
6. The effect of snow cover on the NDSI of forest is evident
in these sanpl es.



18

4.2.2 Use of reflectances for Calculation of NDSI in
the Prototype Algorithnms

In the prototype SNOVAP al gorithm which enploys TM data, at-
satellite reflectance, r, is calculated as shown bel ow
(Mar kham and Bar ker, 1986):

r = (mAd2) / (ESUNA cos8,) [ 2]
wher e;

LA is calibrated radi ance

d is Earth-Sun distance

ESUNA is nean sol ar exoat nospheric irradi ance
6, is SZA
The Eart h-Sun di stance and ESUN can be obtained froma | ook-
up table. For prototype efforts, we are assum ng the Earth-
Sun di stance to be constant at 1.0 Astronomical Unit. For
the prototype algorithm the SZA of the TM scene center is
used for each pixel. The operational MDD S al gorithns wil |
omt this step because MODI S refl ectance product will be the
i nput .

Equation 2 assumes that the surface bei ng neasured has
isotropic reflectance properties even though this is not the
case for snow, and other natural features. Thus, errors in
cal cul ation of reflectance due to the ani sotropy of snow and
ice may result. Such errors will likely be greater at |arger
angles off nadir. Also, as snow ages, its ani sotropy
increases. Additionally, errors in precise reflectance val ue
due to anisotropy related to topographic variability will be
inherent in the data (see section 4.2.3.3).

4.2.3 Estimate of G obal Errors in Snow Mapping wth
SNOMAP

It is recognized that SNOVAP wi ||l performbetter in sone |and
covers than in others. Specifically, in tundra and prairie
areas, and over large | akes, the errors in snow mapping wll
be very low. Results using the SNOVAP algorithmw th TM and
MAS dat a over these areas show 100 percent snow cover was
mapped when they were known by field nmeasurenents to be 100
percent snow covered. |In forested areas, errors nmay be much
| ar ger.

Using existing and future data fromfocused field and
aircraft mssions, we will develop an estinmate of the errors
i nherent in using SNOVAP in different |and covers, for
exanple: agricultural (e.g. in the upper m dwest of the
US.), alpine (e.g. Aacier National Park, Mntana), forest
(e.g. the Boreal Forest in Saskatchewan), prairie (e.g. the
Geat Plains in eastern Montana) and tundra (e.g. the North
Slope of Alaska). We will then be able to extrapol ate the
errors on a global basis, to gain a rough, but inproved
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under st andi ng of gl obal -scale errors to be expected in using
SNOVAP.

Specifically, to determ ne gl obal-scale error, the error
calcul ated for each |l and cover will be weighted based on the
per cent age of the snow covered Earth covered by each of the
| and- cover types. These |and covers were sel ected because
they cover a wide range of conditions encountered in snow
covered parts of the Earth.

Errors will be determned in different |and covers by
guantitative conparison of results of SNOVAP with snow nmaps
derived t hrough hi gh-resol ution aerial photography and field
nmeasurenments. Data sets in alpine (see section 5.1.1.1),
forested (section 5.1.1.2) and tundra (section 5.1.1.3) areas
have al ready been acquired.

In the pre-launch tine period, two methods will be tested for
global error analysis. 1) The 1-kmI@GBP digital |and-cover
map of North America will be used to identify the five cover
t ypes di scussed above (there are 17 land covers in the | GBP
map). SNOVAP errors derived fromeach of the |and covers
fromaircraft experinents will be extrapolated to the
continental scale. 2) Using al bedos derived by Robinson and
Kukl a (1985) from DVBP satellite data, Foster et al. (1994)
were able to estinmate forest-cover fraction, globally, and
use this information to inprove the results of an algorithm
devel oped to nmap snow usi ng passi ve-m crowave data. They
used derived forest-cover fraction to adjust an algorithm
desi gned to cal cul ate gl obal snow wat er equival ent from SSM
data, resulting in inmprovenent of the results of the

al gorithm

Initially, we will attenpt to use this al bedo-based
classification to estimate expected errors in our SNOVAP
results globally. In the future, we may al so use the al bedo
categories, or some other method, to adjust the SNOVAP
thresholds, to permt nore snow to be mapped in forests, or
ot her areas that prove to be contributing large errors to

gl obal snow mappi ng usi ng SNOVAP.

4.2.3.1 Mappi ng snow in densely-forested areas

A significant limtation in nmappi ng extent of snow cover is
expected in situations of m xed pixels where snow cover is
obscured by vegetation cover. Estimates of errors encountered
in these situations will cone fromvalidation studies
conpari ng SNOVAP- gener at ed snow cover extent to other snow
cover data sets and/or ground observations (see section
4.2.3).

The snow covered forested | andscape is actually never
conpl etely snow covered because the tree branches, trunks and
canopi es often do not get or stay snow covered. Oten, in
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boreal forests, snow that falls on the coniferous tree canopy
will not stay on the canopy for the entire winter due to
sublimation. Thus, even in a continuously snow covered area,
much of the forested | andscape will not be snow covered. It
may be very difficult, even with field neasurenments and hi gh-
resolution air photos, to determ ne what percentage of the
area is snow covered. Additionally, when view ng at off-

nadi r angles such as the x45° angles that we plan to use with

the MDD S sensor, the tree branches, canopies, etc., wll
obscure even nore of the snow t han when view ng at near-nadir
angl es (see section 4.2.3.3).

Much of the Earth's |and surface is covered by dense forests.
The boreal forest, the forest that stretches across the
northern part of North Anerica and Eurasia, is a prine
exanpl e. Snow accunul ates to greater depths and nelts |ater
inthe spring in the boreal forests than in adjacent tundra
or prairie areas (Foster et al., 1991). Though the borea
forests are always snow covered in the winter, wthin dense
forests, snow that falls onto the ground through the canopy
may not be visible fromabove. Some snow stays in the tree
canopy and may thus be visible, but the snow often does not
stay in the canopy during the entire winter. Snowin trees
often sublimates before falling to the ground. Even with
passi ve-m crowave sensors, wherein mcrowave emssion is
nmeasured, snow under a tree canopy is often not detected
(Hal'l et. al., 1982; Foster et. al., 1991).

Conpari son of results from snow mappi ng using TM data, and
forest-cover classification was undertaken as part of MO S
pre-launch validation activities and in connection with the
Bor eal Ecosystem At nosphere Study (BOREAS). The sout hern
BOREAS study area in southern Saskatchewan, including Prince
Al bert National Park, consists of m xed deci duous and

coni ferous trees and stands consisting of predom nately

deci duous or coniferous trees. Several |akes are |located in
the test site. A 6 February TM scene and two MAS scenes,
acquired on 8 February 1994, were acquired over Prince Al bert
National Park and the surrounding area in 1994. A TM scene
of the sanme area, acquired on 18 January 1993, was al so
acquired. Field neasurenents and/or neteorol ogi cal data show
t hat the sout hern BOREAS study area was snow covered at the
time of both Landsat overpasses. The only non-snow covered
areas were the tree trunks, stens and canopi es.

The TM and MAS data were both registered to a forest-cover
map devel oped using 6 August 1990 TM i magery of the BOREAS
study area by Forrest Hall at NASA/GSFC (Hall et al., in
press). Registration of the forest-cover map to the SNOVAP

i mage derived fromthe 6 February 1994 TM scene enabled us to
ascertain, quantitatively, the influence of different types
of vegetation on snow mapping in this m xed forest.

Thr oughout the 6 February 1994 TM scene, nore snow was mnapped
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by SNOVAP in coniferous forests than in deci duous forests.
Figure 7 shows a 512 X 512-pixel area within the full TM
scene, fromthe forest-cover map and fromthe 6 February 1994
scene. In the areas classified as ‘wet conifer,
substantially nore snow is napped than in adjacent areas of
“deci duous’ trees. Only 14.4 percent of the snow was mapped
i n deci duous forests, though snow cover was otherw se
continuous. In the coniferous forests, 72.1 percent of the
snow was mapped. Note in Figure 7 that the boundary between
the wet conifers and the deci duous forests (see arrow) is
sharp and this boundary is clearly depicted in the SNOVAP
image, Figure 7. This pattern prevails throughout the 6
February 1994 TM scene.

The deci duous trees are very dense in this area and, even
froma 30-mtower, it is difficult to see snow beneath a
deci duous forest when | ooking at off-nadir angles. Even

wi t hout | eaves or needles, the bare trunks and branches
obscure nost of the snow cover below. The density of the
coni ferous forest is also very high. Measurenents show t hat
near by deci duous canopi es average about 79 percent canopy
density while conifers average about 88 percent (BORI'S,
1994). These neasurenents were acquired using a densioneter
whi ch | ooks up through the trees. It is also relevant to
consi der the understory and its influence on snow cover
mappi ng. The deci duous aspen stands are known to have a
consi derabl e shrub understory, while the coniferous stands
have little understory (Jon Ranson, oral comunication).
However, the ability of the shrub understory to preclude snow
mapping in the winter, when defoliated, is not at all clear.

The snow that was nmapped on the 6 February 1994 scene in the
coni ferous forest was nost |ikely snow that was visible

t hrough the tree canopy and not snow that was on the tree
canopy. (Though there had been a total of 13.4 cm of
precipitation in the formof snow during the 10 days prior to
t he Landsat overpass, only a small anount of snow was visible
on the coniferous tree canopy during the field work.) Qher
researchers (Poneroy and Dion, in press) show that

i ntercepted snow on the tree canopy sublimtes quickly.

SNOVAP was al so run on the 18 January 1993 TM scene, Yyi el ding
quite different results than were obtained for the 6 February
1994 scene. For a subscene in conmon between the two scenes,
76 percent of the 18 January subscene was nmapped as snow
covered, while only 43 percent of the conparable part of the
6 February 1994 subscene was mapped as snow covered. And
there is no apparent correspondence between forest-cover type
and snow mapped on the 18 January 1993 scene the way there is
on the 6 February 1994 scene.

Reasons for the differences in snow cover napped by SNOVAP in
the sane area on the two scenes are unclear. One explanation
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may be that on 18 January when the SZA was 78°, there is nore

transm ssion of light through both the deci duous and

coni ferous forests than there is on 6 February when the SZA
was 74°. Geater SZAs are shown by John Poneroy (ora
conmuni cation, 1996) to increase light transmssion into the
canopy in this area. This would have the effect of
illumnating the snow covered ground nore in January,
permtting nore snow to be nmapped, relative to the February

date. Though a 4° change in SZA seens unlikely to cause such
a drastic change in light transmssion, it may be that there
is acritical threshold between 74° and 78° that, when

reached, causes a dramatic change in |ight transm ssion
t hrough these forests. This should be explored further.

In conclusion, prelimnary results using TM data show t hat
the ability of the SNOVAP algorithmto map snow cover in
forested areas is likely to be dependent on SZA and per haps
other factors. Mich additional work on this is necessary in
other forested areas (see section 5.1.1.4).

4.2.3.2 Snow/ ¢l oud discrim nation

W will rely on the cloud-maski ng product, devel oped by Paul
Menzel , Steve Ackerman and others at the University of
Wsconsin, to map clouds and di stinguish cl ouds and snow.

G ose coordination wth that group will ensure a good result.
For exanple, we are holding an aircraft and field experinent
jointly with the University of Wsconsin cloud-nmaski ng group,
in January and February 1997. Snow, | ake ice and cl oud
masking is the focus of the experinment (see section 5.1.1.5.)
The MAS wi ||l be the primary sensor on board.

For the prototype al gorithns, snow cl oud-discrimnation

t echni ques are based on differences between cl oud and
snow i ce reflectance and emttance, (Figure 3). douds are
highly variabl e and may be detected by their generally-high
reflectance in the visible and near-I1R parts of the

el ectromagneti c spectrum (Rossow and Garder, 1993), whereas
the refl ectance of snow drops in the short-wave infrared part
of the spectrum

Wil e the NDSI can separate snow from nost obscuring cl ouds,
it does not always identify or discrimnate optically-thin
cirrus clouds fromsnow For this, MDD S channel 26, with
the band center located at 1.375 umw || be used if

necessary. At that wavel ength, cirrus clouds are very strong
absorbers, a property that nmay separate them from ot her
features, including snow (Gao et al., 1993). G rrus clouds
may al so be detected by brightness tenperatures and
differences in brightness tenperature at 8.55, 11.0, and 12

pm (King et al., 1992). Channel 26 may be too sensitive to
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t he presence of optically-thin cirrus clouds and thus

precl ude snow mappi ng through thin cirrus. Analyses of TM
and MAS data show that SNOVAP can map snow under cirrus
clouds at |east sone of the tine. Investigation of the
utility of channel 26 for use in SNOVAP and | CEMAP will not
be feasible until the post-launch tinme frame because the

1.375 pum channel is not available on the MAS. Since this is

primarily a cl oud-masking task, we will work with the MOD S
cl oud- maski ng group to acconplish this.

4.2.3.3 Vari ation of Reflectance due to Sensor View
Angl e

Conpari son of SNOVAP results derived fromthe Landsat
satellite, with aircraft MAS-derived results has been
undertaken. There is a marked difference in anmount of snow
mapped on the MAS and TM scenes covering the sane area in the
sout hern BOREAS test site when SNOVAP was used. Only 77
percent of the MAS scene was mapped as bei ng snow cover ed,
whil e 85 percent of a corresponding part of the TM scene was
mapped as bei ng snow covered. Field nmeasurenents showed t hat
the entire area was snow covered except for sone tree
branches, stens and the tree canopi es.

I f we anal yze individual strips of MAS and TM data, we find
that there is generally a greater correspondence between
amounts of snow napped on MAS and TM at the near-nadir-view
angl es of the MAS than at the higher view angles of the MAS
(Table 2). At higher view ng angles of the MAS (> x10°), |ess
snow i s mapped on the MAS scene than on the equival ent
portions of the TM scene. (Percent snow mapped is not

consi stent on both sides of nadir because different |and
covers occur across the scenes thus affecting the anount of
snow nmapped.)

Table 2. Percent snow mapped and percent change in snow
mapped relative to the TM in individual strips of MAS and TM
data, acquired on 8 and 6 February 1994, respectively. In

all cases, nore snow was mapped on the TM data than on the
MAS data. R refers to the part of the inmages to the right of
nadir and L refers to the part of the inmages to the |left of
nadi r.

MAS Vi ew Angl e VAS ™ per cent change
+10° of f nadir 54. 6 56. 3 3.0
11- 20°R 62.0 68.9 10.0
11- 20°L 37.1 47.6 22.1
21- 30°R 44. 1 67.3 34.5

21-30°L 40. 4 51.9 22.2
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31-43°R 37.7 69. 9 46. 1
31-43°L 31.5 47.5 33.7

Wthin £10° of nadir, both sensors map about the sane
per cent age of snow cover (Table 2). Less snow is mapped by
the MAS and TMat 11 - 20° to left of nadir as conpared to 11

- 20° to the right of nadir, because there are dense deci duous

tree stands to the left of nadir which effectively bl ock sone
snow from bei ng mapped. At the off-nadir view angles of the
MAS, the tree canopies (both the defoliated stens fromthe
deci duous trees, and the needles fromthe coniferous trees),
may prevent nmuch of the snow from bei ng mapped by the NMAS
(and, in the future, fromthe MODIS). An additional effect
may be the difference in SZA at the tinme of the MAS fli ght

(SZA = 69°) versus at the tinme of the TMacquisition (SZA =

74°), allowi ng better light transm ssion to the canopy when
the TM data were acquired as di scussed above.

In order to determine, in a prelimnary way, the effect of
view angl e on the snow refl ectance neasurenents, since snow
is known to be an anisotropic reflecting surface, we sel ected
a snow covered area on the North Sl ope of Al aska, inmaged on 3
April 1995, by the MAS in its 50-channel configuration. This
area was sel ected because it is flat and has very | ow
veget ati on; snow cover was continuous. Table 3 shows that

the refl ectance of MAS channel 1 (0.54 £ 0.044um does not

change very much fromnadir to 43°. Reflectance in channel 1
is given as an exanple. Anisotropic reflectance properties
of snow may therefore not be a large factor in contributing
to the angul ar changes seen in Table 2. However, the
position of the sensor with respect to the Sun is not taken
into account here. Snow anisotropy is greater when | ooking
toward the Sun. The main reason for the differences in
amounts of snow mapped using TM and MAS data, as seen in
Table 2, is the influence of the forests bl ocking the view of
the snow on the ground at the off-nadir view angles of the
MAS. Mre snowis obliterated fromview at the off-nadir
angl es as conpared to the near-nadir angles.

Table 3. Reflectance (in percent with standard devi ation) of
pi xels froma 3 April 1995 MAS i nage acquired at

approxi mately 68.8°N, 148.8°Won the North Sl ope of Al aska
over snow covered, non-forested terrain, from MAS channel 1
(0.54 £ 0.044uym). Rrefers to the part of the area to the

right of nadir, and L refers to the part of the area to the
left of nadir.
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Channel 1:

MAS Vi ew Angl e Ref | ect ance St andard Devi ation
+10° of f nadir 76.7 1.14

11- 20°R 77.7 1.55

11-20°L 76. 8 1.04

21- 30°R 78.8 1.73

21-30°L 76. 4 1.92

31-43°R 78.3 1.86

31-43°L 77.6 1.69

4.3 Lake Ice

The | ake ice product will be produced along with, and as part
of , the snow cover product. |Ice will be nmapped in the
followng large inland water bodies: Lake Superior, Lake

M chi gan, Lake Erie, Lake Huron, Lake Ontario, Geat Bear
Lake, Great Sl ave Lake, Lake Wnni peg, Lake At habaska, Lake
of the Wods, Lake Sakam , Lake N pigon and Rei ndeer Lake in
North America; Lake Vanern, Lake Ladoga, Lake Bai kal, Lake
Pei pus, Lake Bal khash and Onega Lake in Eurasi a.

4.4 | CEMAP
4.4.1 Devel opnent of | CEMAP

| CEMAP is designed to identify whether sea ice is present in
each 1-km pi xel for each orbit and to calculate the | ST.
Daily and 10-day conposited sea ice extent will be produced
inthe PGS. |If seaice is present in any pixel on any day
during the 10-day conpositing period, that pixel wll be
considered to be ice covered. |CEMAP is also designed to run
automatical |l y.

Land and clouds will be masked before ICEMAP is run
Criterion tests and decision rules for identifying sea ice
may be nodi fied versions of those used for SNOVAP.

I dentification of sea ice will also use surface tenperature
to assist in discrimnation of ice cover and open water,
especially if sea ice can be napped at ni ght by mappi ng
tenmperature. |If the IST algorithmproves to be accurate in
detecting sea ice, it may be used in place of, or as part of,
the | CEMAP algorithmto map sea ice day and ni ght throughout
t he year.

4.4.2 Detection of Sea Ice
Measurenents col |l ected by researchers over the range of 0. 4-

2.4 um show that the al bedo of sea ice changes over the
seasons (Grenfell and Perovich, 1984). Snow covered sea ice
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has al bedo characteristics simlar to snow, thus logic
simlar to that used to identify snow cover can be used to
identify snow covered sea ice.

As snow nelts on sea ice, the al bedo decreases across al
wavel engths (Grenfell and Perovich, 1984). Qpen ocean
typically has a very |ow al bedo, in contrast to the nore

hi ghly-reflective sea ice. Sone types of sea ice, such as
grease ice, however, nmay be difficult to identify with such
criteria tests because they |ack sharp contrast with open
ocean.

Characteristics of areal extent, al bedo, thickness of sea
ice, ice margins, |leads, ice types, notion and concentrati on,
are inportant to observe (e.g. Barry, 1986). The primary
contribution of the MODIS sea ice algorithmto the study and
nonitoring of sea ice will be the ability of MOD S data to
provi de sone ice information at high spatial resolution (1
km) to augnent the data provided by passive- and active-

m crowave sensors, and to map IST. Additionally, the ability
to nmeasure surface tenperature in the winter, using MDD S
data, should aid in the determnation of ice type, and wil

be useful for estimating radiative and turbul ent heat fl uxes
for large-scale climate studies.

The MODI S sea ice algorithmis being devel oped to identify
sea ice by its reflectance characteristics in the visible and
near IR and its sharp contrast to open water, and to nap sea
ice surface tenperature. The darkness of polar winters wll
be alimting factor in the use of visible channels. d oud
cover in the central Arctic Basin will be alimting factor
in md-sumer (Genfell and Perovich, 1984) especially in the
daily maps. Because the 10-day conposite maps will be

devel oped, it is expected that sea ice can be mapped during
the spring, sumer and autumn when the greatest changes are
taking place in the extent and novenent of sea ice. Wnter
sea i ce mappi ng nmay be possible if the cl oud-masking

al gorithmworks well in polar darkness, and if the IST

al gorithm (see below) can readily separate ice and water.

4.4.3 Ice Surface Tenperature (IST) Algorithm

| R bands (MDD S bands 31 and 32) will be used for mapping sea
ice surface tenperature. The surface tenperature of open
water is >-1.80C while the surface tenperature of saline ice

< =-1.80C (271.2°K).

The basis of the MODIS I ST algorithmis the work of Key and
Collins (in press). Key and Collins (in press) state that

t he denonstrated accuracy of the algorithmis sufficient for
nost climate process studies. The major caveat with the
algorithmis that it is applicable only to clear sky

condi tions; inadequate cloud masking may result in



27

significant error in estimating the 1ST. The heritage of the
technique is Key and Haefliger (1992) with substantiation of
robust ness and accuracy by later work (Key et al., 1994; Yu
et al., 1995; Lindsay and Rothrock, 1994; Massom and Com so,
1994) .

Key and Haefliger (1992) used the follow ng equation to
determ ne | ST for snow covered sea ice in the central Arctic
under clear sky conditions.

IST =a + bT +cT  +d[(T, - T,) secH] [ 3]
T, -- brightness tenperature °K in AVHRR band 4 (11 pm)
T, -- brightness tenperature °K in AVHRR band 5 (12 pm)
® -- scan angle fromnadir
a, b, c, d-- enpirically-determned coefficients for

at nospheric effects, notably humdity.
Key and Collins (in press) used the equation

IST = a + bT, + c(T, - T,) +d[(T, - T,)(sec6-1)] [4]

where all variables are defined as in [3] except that the
coefficients (a, b, ¢, d) are defined for tenperature ranges
of

T . < 240K

240K < T < 260K

T, > 260K

Equation [4] given by Key and Collins (in press) is reported
by themto be superior to that of [3]. Linking the
coefficients to tenperature ranges al so provi des greater
flexibility in application of the algorithm (Key and Col lins,
in press). Equation [4] is suitable for use with MDD S

t hermal dat a.

MDD S Level 1B data for the thernmal em ssive channels (31 and
32) will be generated and archived as radi ance data. The
radi ance data can be converted to brightness tenperature by

i nversion of Planck’s equati on.

Key et al. (1994) used an inversion of Plank’s equation with
an an emssivity term

T=cov / In(1l+ ((ec1vd)/E)) [ 5]
c1 = 1.1910659 * 102 mMWm2 sr cm4
c2 = 1.438833 cm °K

central wavel ength cmrl
radi ance fromsensor mvVni2 sr cnt4

\'
E
T °K
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€ = emssivity
Equation [4] can then be applied to determ ne | ST.

4.4 4 |l ce/ Cloud Discrimnation

The |1 ST al gorithm (Equation 4) is only valid for clear-sky
conditions. Any cloud contam nation may cause significant
errors in calculation of IST. The MDD S cl oud maski ng
product will be utilized to identify clear sky conditions;

pi xels with a 95% or greater probability of being
unobstructed by cloud. [IST will be calculated only for those
pi xels. QOher pixels will be identified as cl oud
cont am nat ed.

Wat er vapor is the greatest atnospheric factor affecting the
accuracy of the IST cal cul ati on under clear-sky conditions.

The primary difficulty with surface tenperature retrieva
when nelt ponds and | eads are present is the difference in
em ssivity between the open water and ice. The em ssivity
over water will be sonewhat |ower than that of snow or ice,
say 0.96 conpared to 0.99. This will nake a difference of a
few tenths of a degree (J. Key, witten comunication, 1996).
The directional effects are also probably slightly di f f er ent
in melt ponds and | eads as conpared to snow or ice-covered
sea ice. There is likely to be nore water vapor in the
boundary | ayer when nelt ponds and | eads are present, but
this is automatically handl ed by the algorithm The
coefficients are primarily used to correct for atnospheric
wat er vapor .

O ouds pose many of the same problens in nmapping sea ice as
they do when mapping snow. Sea ice nmay nove relatively
rapidly and cl ouds nay obscure this novenent or mnake the
novenent of the sea ice appear incoherent when a 10-day tine
series, partially obscured by clouds, is conpiled. Small ice
fl oes, polynyas and | eads at subpi xel resolution contribute
error to identification and mappi ng of sea ice. dobal error
analysis will be acconplished wth other sources of data,
e.g. passive-m crowave and regi onal operational sea ice data
products, to estimate error at regional and gl obal scales in
t he post-launch tinme peri od.

4.4.5 Sources of Error

Sea ice identification does not have many of the conplicating
factors of varying surface covers that affect snow mappi ng,
but there are conplications that nake sea ice mapping
difficult. Because sea ice can vary in concentration from
near zero to 100 percent, sea ice can give different

refl ectances and surface tenperatures even within a scene,
due to m xed-pi xel effects. Sea ice can also have different
refl ectances dependi ng on snow cover and the presence of
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surface nelt ponds. The presence of nelt ponds and | eads in
the summer nmonths will also affect the emssivity of the ice
surface and therefore the calculation of ice surface

t enper at ure.

The accuracy of the IST is in the range of 0.3 - 2.1° K (Key
and Collins, in press). An expected accuracy for the MDD S
| ST product will be based on accuracies reported in Key and
Haef | i ger (1992), Lindsay and Rothrock (1994) and Key and
Collins (in press), and on investigation with MODI'S Ai rborne
Si nul at or data which should allow us to define the expected
accuracy for the MOD S | ST.

Initially the coefficients of Key and Collins (in press) can
be used in the MODIS I ST algorithm The coefficients may be
nodi fi ed based on validation studies, or by inclusion of a
guantitative nethod to correct for atnospheric effects based
on nodel i ng of the atnosphere or quantitative neasurenents of
wat er vapor from another sensor, or based on an Arctic

cl i mat ol ogy dat abase.

Anot her method for custom zing the coefficients to the MOD S
sensor is to nodel snow covered ice emssivity, MOD S sensor
response, and the atnosphere to determ ne the esti nmated

di fference between the theoretical surface tenperature,

radi ance nmeasured by the sensor and the I ST resulting from
Equation [4]. The coefficients could be nodified to all ow
agreenent between the nodel ed and neasured | ST tenperatures.
Such net hodol ogy woul d foll ow t he nmet hods used by Key and
Haef | i ger (1992) and Key and Collins (in press).

MODI S Airborne Sinulator (MAS) data are currently used to
prototype the MODIS I ST. Use of MAS data and associ at ed
field canpaign data will be used to establish bounds for
accuracy of MODIS I ST, nodification of coefficients, and

ot her paraneterizations of the algorithmand product
generated. Since the MAS data fromour April 1995 m ssion
have only recently been received (delivery conpleted in
Cct ober 1996), only very prelimnary results are avail abl e.

4.5 Gidding of Snow Cover and Sea |ce Cover Data
Products

The snow and sea ice data products will be generated and
gridded to a common grid. The snow and | ake ice maps will be
gridded in a sinusoidal projection common to the MDD S | and
group, at 500-mresolution. The sea ice maps will be re-
gridded to a pol ar-stereographic map projection at 1-km
resol ution.

5.0 VALI DATI ON

5.1 Pre-Launch Validation Activities
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5 1.1 Snow

5.1.1.1. Conparison with Sierra Nevada Snow Map
derived from the 10 May 1992 TM Scene

Absol ute accuracy can only be determ ned when SNOVAP results
are conpared to ground neasurenents, or air photos that have
been validated by field neasurenments. There have been very
few opportunities to do this so far. Thus far, our primary
data used for validation is a carefully-mapped TM scene of
the Sierra Nevada Mountains, California, acquired on 10 My
1992 and mapped usi ng an i ndependent| y-produced snow nappi ng
al gorithmcal |l ed Snow Covered Area (SCA) (Rosenthal, 1993;
Rosent hal and Dozier, 1996). SCA is based on spectra

m xture nodeling. The SCA algorithmhas been verified with
lowal titude, high-resolution aerial photography and ground-
based measurenents, thus it provides a good test for SNOVAP.

The SNOVAP al gorithmwas run on the sanme Sierra Nevada scene,
and results were conpared with those of the SCA al gorithm
SNOVAP conpares extrenely well to the results of SCA for

pi xel s that are about 60% or nore snow covered. Agreenent
between the two techniques is >98% NDSI al so appears to be
an excel l ent predictor of snow covered area for pixels that
are noderately (30-60% snow covered. For noderately snow
covered pixels, NDSI values map fractional snow cover with an
accuracy of 80%

SCA uses spectral mxture nodeling to identify not only those
pi xel s that are snow covered, but to estinmate the fraction of
each pixel that is covered with snow This technique is
based on the assunption that nost pixels contain a m xture of
surface materials, each with unique spectral properties.
Several end nmenber nmaterials are chosen and a spectral nodel
is created for each. For the Sierra Nevada TM scene, the end
nmenbers are pure snow, rock and vegetation. Al pixels are
assunmed to be sonme conbi nation of these three end nenbers.

A "l earning sanple" of several thousand pixels is selected in
order to create a decision tree algorithmthat w |
eventually classify the scene. The final decision tree
algorithmis optimzed, representing a bal ance between speed
(sinmplicity) and accuracy in identifying snow. First, snow
free pixels are identified, using a band-ratioi ng techni que
simlar to the NDSI, and masked, then the decision tree
algorithmestimates the fraction of each renmai ning pixe
covered by snow. The SCA al gorithm assi gns pi xels containing
snow to one of eight fractional snow cover categories: 96%
84% 72% 60% 50% 38% 22% and 9% snow cover ed (Rosent ha
and Dozier, 1996).

Fol | owi ng Rosenthal's (1993) work on spectral mxture
nodel i ng, the SNOVAP al gorithm has been conpared several
ti mes agai nst the SCA nodel results. Visual inspection shows
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that SNOVAP cl assifies fewer pixels as snow than does SCA.
The total snow covered area mapped by SNOVAP is 2.67 mllion
kmg, conpared with a total snow covered area of 2.97 nillion
km? mapped by SCA, an agreenent of 91% A small number of
pi xel s are nmapped as snow by SNOVAP but not by SCA. However
when SNOVAP is conpared only with SCA snow cover categories

about >60% agreenent is excellent (Figure 8).

Since the NDSI value is an inportant criterion for

di sti ngui shing snow covered pi xels fromthose that are not
snow covered, the NDSI values for the Sierra TM scene have
been conpared with their correspondi ng SCA snow cover

cl asses. The SNOVAP al gorithm produces data files of NDSI

val ues and TM band 4 refl ectances. These data were used to
create a new inmage of the Sierra scene. First pixels with TM

band 4 refl ectance =211% were nmasked. Then 3000 pi xels froma

nmount ai nous part of the scene were selected fromboth the SCA
and new NDSI inmages. Fromthis group, non-snow pixels (those
with SCA=0) were renoved and the remai ni ng 1483 snow covered
pi xel s were used for conparison (Figure 9).

Since there is sone scatter in the data, particularly in the

| ower snow cover fractions, the nean NDSI val ues for each SCA
category were calcul ated. These average val ues were then
plotted, with error bars of two standard devi ations fromthe
nmean (Figure 10). A linear regression was fitted to these
data. The curve fit to the nmean val ues rather than the whole
data set reduces the influence of outlying data points. It
is evident that NDSI is an excellent predictor of snow cover
fraction.

Since there is benefit in defining snow covered pixels that
are about =60 percent snow covered, the NDSI data were
grouped into three categories: 1-30% 31-60% and 61- 100% snow
cover. The SCA data were grouped simlarly (Figure 11).

For the highest fractional snow cover category (61-100%
there is excellent agreenment (>98% between the NDSI and SCA
snow maps. At 31-60% snow cover, the agreenent is 80% For
snow cover |ess than 30%the agreenent is not good.

To further conpare SNOVAP to the SCA algorithm the original
Sierra Nevada Landsat TM scene was spatially degraded to
approxi mate the 500 x 500 mresolution of the MDD S snow
cover product. Snow cover classification was undertaken

usi ng both SNOVAP and an updated version of the SCA al gorithm
on the spatially-degraded TM data, and classification results
were conpared to those achieved using the original resolution
Landsat TM i mage.

Next, the DN values of the original Sierra Nevada Landsat T™M
Scene were spatially degraded to approxi mately the 500 x 500
m resol ution of the MXDI'S snow cover product using a 17 x 17
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pi xel averagi ng wi ndow. The step size was equivalent to the
size of the averagi ng wi ndow so that each original pixel was
sanpl ed only once. Wth an original TM pixel resolution of
28.5 m the pixel dinmensions of the sinulated MOD S i mage
where 485 x 485 m The DN val ues of the both the degraded
and original TMdata were converted to at-satellite

refl ectance. SNOVAP and SCA al gorithnms were run using the
refl ectance val ues at both the degraded and origi na
resol uti ons.

For consi stency, the conparison of the two al gorithnms was
done in a manner simlar to that described in the preceedi ng
section. An updated version of the SCA algorithmis enpl oyed
here and is the nmajor source of discrepancy between the two
conparisons. This version of the SCA al gorithmused a
decision tree trained on winter and spring scenes, and has

nore classes. |In the followi ng analysis, the original SCA
cl asses were grouped into 10% snow cover classes (e.g. 0-9,
10-19, ...) to sinplify the analysis.

Pi xel size does not appear to greatly affect the perfornmance
of the SNOVAP al gorithm Consistent with the results derived
using the full-resolution TM data, the agreenent (defined as
t he percentage of pixels within a given SCA cl ass that SNOVAP
cl assifies as containing snow) between SNOVAP and SCA is very
good for pixels containing > 50 % snow cover and poor for

pi xel s contai ning < 50% snow as mapped by the SCA al gorithm
(Figure 12). For pixels with SCA values > 50% the agreenent
bet ween SNOVAP and SCA is 80% or greater for the TM degraded
to MODI S pixel sizes . For < 50% SCA, the agreenent between
SNOVAP and SCA is poor with | ess than 20% agr eenent between
the two nethods. Wth the exception of the SCA class of 50-
59% the performance of SNOVAP was simlar on both the
original and degraded TM

The reason for the discrepancy in classification accuracy as
a function of SCAis quite clear. As can be seen in Figure
13, there is a natural grouping of the nean val ues of SCA

cl asses by NDSI values. The 0.40 NDSI val ue presently
selected as a threshold in SNOVAP falls in the natural break
bet ween these two groups which are conposed of SCA cl asses
above and bel ow 50% snow cover, respectively. Based solely
on these Sierra Nevada results, the present configuration of
SNOVAP accurately cl assifies pixels containing snow cover if
t he snow covers ~50% or nore of an individual MDD S pi xel
The selection of 0.40 for a NDSI cutoff val ue seens
appropriate. However, attenpting to subdivide SCA into
medi um and | ow cat egories using the NDSI and Landsat band 4
presently enployed in the SNOVAP al gorithm appears | ess
prom sing. No natural break seens to separate these | ower
snow cover cl asses.

5.1.1.2 BOREAS Experinment/February 1994
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During February of 1994, in connection with the BOREAS
project, the MODI'S Airborne Sinulator (MAS) was flown on the
ER-2 aircraft over Prince Al bert National Park, Saskatchewan,
Canada. Sinultaneous field measurenents and | ower-1 evel
aircraft flights were also acquired. Results of this work
are described in Hall et al. (in press), and in sections
4.2.3.1 and 4.2.3.3 of this docunent.

5.1.1.3 April 1995 Al aska Experi nent

In April 1995, the MAS on-board the ER-2 aircraft was

depl oyed to i nage snow cover in Al aska and sea ice in the
Bering Sea in conjunction with snow ground truth data
collection. Al so on-board was the MIIlinmeter Wave | nagi ng
Radi oneter (M R) instrument which acquires inmages in the

m crowave part of the spectrum U S. Arny Cold Regions
Research and Engi neering (CRREL) and University of Al aska
(Matthew Sturm and Carl Benson, respectively) scientists are
col I aborating on analysis of the field and aircraft
neasurenments. Results fromthese flights should serve to aid
in algorithm devel opnment and are inportant to help us to
fine-tune the algorithm The many spectral bands of the MAS,
conpared to the TM wll allow us to test new bands for

possi bl e inclusion in the algorithm

Prelimnary results of the MR data are given in section 6. 1.
The calibrated MAS data were just recently received (| ast
flight data received in Qctober 1996). Therefore only very
prelimnary results have so far been obtained fromthis data
set.

5.1.1. 4 New Engl and/ W sconsin M ssion/January and
February 1997

The next field and aircraft experinent is planned for a 3-
week period in January and February 1997. The ER-2 with the
MAS and the MIIlineter Wave | magi ng Radi oneter (MR), w |
fly in New England and Wsconsin in conjunction with the

Uni versity of Wsconsin cl oud-maski ng group and t he Boston
Uni versity | and-cover group.

The main objectives of this mssion are to inprove snow cl oud
discrimnation, and to test the SNOVAP al gorithm over areas
of di scontinuous snow cover, and to nmap | ake ice and ice
surface tenperature. Most of the experiment will be run by
the Wsconsin group, and one day will be devoted to our snow
obj ectives in the New Engl and ar ea.

5.1.1.5 Val i dation of SNOVAP using supervised-
classification techniques

Supervi sed cl assification was perforned on 6 TM scenes (Tabl e
4). The results of the supervised classification were then
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conpared with the results of the SNOVAP cl assification. The
results of each classification were al so conpared with a band

5,4,2 color conposite,
et al., 1995).

scene (Hall

Tabl e 4.

di gi tal

TM scene determ ned usi ng supervi sed versus SNOVAP
cl assification techni ques.
Park, Montana, Ch refers to a scene covering the Chugach

Ms., Al aska, Vat

G\P refers to d aci er

refl ectance i mage of each

Snow covered area (SCA) in kn? and percent of ful
Nat i onal

refers to a scene covering Vatnajokul |,

| celand and MN refers to a scene of northern M nnesot a.
Percent change refers to the difference in the anmount of SCA
mapped using the two different approaches for mappi ng snow

cover.

G\P 14Mar 91
G\P 06Mar 94
G\P 09May94
Ch 29Sep92
Vat 19Cct 92
MN ( 09Mar 85)

SCA (supervi sed)

6,450 (19.1%
10, 253 (30. 3%
4,126 (12.2%
12,841 (38.0%
12,020 (35.6%
19, 443 (57. 6%

SCA ( SNOVAP)
10, 631 (31.5%
10, 953 (32. 4%
4,006 (11.9%
16, 021 (47.5%
13,033 (38.6%
21, 534 (63.8%

% change
12. 4
2.1
0.3
9.5
3.0
6.2

Detai | ed anal ysis of each scene indicated that the SNOVAP
classification did a nore consistent job than we could do
when we perforned the supervised classifications.
supervi sed versus SNOVAP results conpared w thin about 6

percent, in 4 out of 6 cases,

classification is superior.

In the case of the 14 March 1991 d aci er Nati onal
because of extensive cl oud cover,

conpari son

Wi | e
is concluded that the SNOVAP

Park scene
t he supervi sed

cl assificati on was acknow edged to be poor. That is the
reason for the large (12.4 percent) difference found when
different classification techniques were used on that scene

(Table 4).

Usi ng supervised classification,

it was difficult

to define pixels in cloud shadows that were snow pixel s
wi t hout inadvertently mappi ng non-snow pixels as well. In

the case of the 29 Septenber 1992 Chugach Ms.

scene, a thick

cirrus cloud in the northeastern part of the i nage was napped
as snow by SNOVAP, but not by us using the supervised

t echni que.

underneath the cloud i s unknown.

Whet her SNOVAP i s mapping the cloud or the snow
The presence of this cloud

caused the relatively large (9.5 percent) difference in snow
covered area classification results using the two
cl assification techni ques.
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The SNOVAP cl assification filled in areas of shadowed snow
much better than did the supervised classification, while in
sone cases (e.g. the dacier National Park scene acquired on
9 May 1994), the supervised classification mapped nore snow
at the edges of snow covered areas. Both classification
techni ques did a good job of nmapping snow under very thin
cirrus, while not mappi ng snow under thicker clouds. Both

t echni ques mapped a few, stray, apparently non-snow pi xels
out si de of the snow covered areas. SNOVAP mapped nore snow
in dense forests (e.g. around Lake MacDonal d on the 14 March
1994 d acier National Park scene) than did the supervised-
classification technique. Interestingly, SNOVAP did not nap
bare gl acier ice as snow on a TM scene covering Vat naj okul
ice cap, lceland scene, while the supervised-classification
t echni que di d.

5.1.2 Sea |lce
5.2 Post-Launch Validation Activities
5. 2.1 Snow

Focused field canpaigns will be set up to do such validation
The first post-launch field and aircraft mssion will be
requested for February of 1998. Snow cover will be neasured
using field nmeasurenents and MAS underflights in the eastern
and md-western United States. Flights will be flown in
various |land covers: agricultural, alpine, forest and
prairie. Field and | owlevel, high-resolution aircraft
nmeasurenments will al so be acquired. SNOVAP-derived errors in
snow nmappi ng in each of these categories will be determ ned.

5.2.1.2 Conparison with Other d obal-Scale Products

SNOVAP results will be conpared with other snow cover maps
and existing data sets of snow cover to determne relative
error. The NOAA weekly snow charts and the NCHRSC regi ona
data sets are good for conparison with SNOVAP results
generated fromMODI'S. The data sets have an historical record
and are generated operationally. SNOVAP results will also be
conpared with snow cover derived from Scanni ng Mil ti channe

M crowave | nmager (SSM) data, if available, or Advanced

M crowave Scanni ng Radi oneter (AVBR) data after the | aunch of
the first ECS-PM platformin 2000. Conparison of SNOVAP
results with these independentl|y-produced snow data sets w |l
allowerrors to be identified that will permt us to
determ ne the accuracy of the global maps relative to one
anot her.

NOAA plans to place an AVHRR enhanced with a 1.6 pm channe
for snow and cl oud discrimnation, on the NOAA K - N series
of polar-orbiting platforms. NOAA-K will be ready for |aunch
inthe fall of 1996, but will not be | aunched until NOAA-12
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fails. The 1.6 pumchannel on NOAA-K will be avail able for
testing, but not for regular use on NOAA-K. A change in the
techni que for the generation of NOAA snow and ice charts is
expected with the |aunch of NOAA-L. At that tinme, a
snow cl oud di scrimnation technique using the 1.6 um channel
wi Il probably be inplenented. The techniques used by NOAA
and the snow and ice data sets they generate can then be used
for validation for MDD S snow and cl oud di scrim nation
techni ques enploying the MODIS 1.6 um band. NOAA experi ence
for snow cloud discrimnation with satellite data at 1.6 pm
will be drawn upon for refinenment of SNOVAP in the near-
launch time frame. W are working closely with the

NOAA/ NESDI S group so we can share ideas and al gorithns for
snow cover mappi ng and val i dati on.

5.2.2 Sea |lce

6.0 COMBI NATION OF MODIS AND OTHER EOS DATA FOR SNOW
AND SEA | CE- COVER MAPPI NG

The conbi ned use of visible, near-IR short-wave IR and

m crowave sensors to map snow will lead to an ability to map
snow extent, al bedo and water equival ent, and sea ice
concentration. Because passive-m crowave Sensors are
general | y unaf fected by cl oudcover over snow and ice-covered
areas, it will be advantageous, in the ECS era after the

| aunch of the second ECS platform to use MDD S data in
conjunction with AVBR data to map snow extent and depth
globally. Many of our pre-launch validation efforts dea

wi th conbining the optical and passive-m crowave data. For
exanpl e, our Al aska ‘95 m ssion had passi ve-mn crowave sensors
as well as the MAS on board (Hall et al., 1996).

Passi ve- m crowave data have been used to map Northern

Hem sphere snow cover at a resolution of up to 30 km si nce
1978 even through darkness and cl oudcover. The passive-

m crowave data al so provide an estimte of snow water

equi valent in many areas. Paraneters affecting the passive-
m crowave response of snow include: water equivalent,
density, grain size, tenperature, surface roughness, forest-
cover fraction and forest type. Problens inherent in the
interpretation of the data include: the coarse resolution is
not suitable for nbst regional snow studies, in densely-
forested areas al gorithns underesti mate snow wat er
equi val ent, and derivation of snowwater equivalent is
dependent upon snow and | and- cover characteristics.

Simlarly, passive-mcrowave data have been used to map sea
ice extent and concentration. In the future, wth AVHRR data
from NOAA-K and beyond, and with MODI'S data, optical data can
be used to provide detail that passive-m crowave data cannot,
i ncluding I ST, when conditions are clear. Used in synergy,
optimumsea ice information will be possible.
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6.1 Prelim nary Analysis of Snow Cover in Al aska
using Aircraft Mcrowave Data (April 1995)

From 31 March to 25 April, 1995, a m ssion was conducted to
study snow cover in northern and central Al aska, respectively
(Hall et al., 1996). The utility of high frequency passive-
m crowave aircraft data is assessed as is the influence of a
vari ety of surface cover types on the mcrowave brightness
tenmperatures of dry and nelting snow. The aircraft data
included the MIIlinmeter-wave | nagi ng Radi oneter (MR) and the
MODI S Ai rborne Sinulator (MAS).

The MR is a mechani cal |l y-scanned i nagi ng m crowave
radi oneter that neasures radiation at the follow ng

frequencies: 89, 150, 183.3%1, 183.3%3, 183. 3%7 and 220 Giz.

It has an angul ar resolution of about 3.5°. It is a cross-
track scanner with an angul ar swath wi dth of about 100°,
centered at nadir. |Its polarization vector is in the

hori zontal plane and perpendicular to the velocity vector of
the aircraft so that the neasured radiation is a mxture of
vertical and horizontal polarizations depending on the
view ng angles. The tenperature sensitivity is <=1 K for
all channels. The MR data in this study have a spatia
resolution of approximately 1 kmat nadir.

The ability to infer snowpack thickness using passive-

m crowave data has been recogni zed for many years. However
many factors have been found that conplicate the relationship
bet ween passi ve m crowave brightness tenperature and snow
depth (Chang et al., in press).

Fi el d neasurenents of snow depth, density, grain size and
shape were nmade in Fairbanks (64°50' N, 147°48' W and at Ester

Donme which is about 5 km northwest of Fairbanks, as well as
in other parts of Alaska. Aircraft flight lines were flown
inagrid pattern in central Al aska, including Fairbanks, on
5 6, 13 and 21 April. The MR data have been gridded to a
pol ar stereographic equal area map. |In addition, a

veget ati on map of Al aska (Kuchler, 1985) was registered to
the MR data to conpare with the aircraft data.

Field and air-tenperature neasurenents showed that the snow
in and near Fairbanks was nelting during the daytime during
the nonth of April. Except within the city, snow cover was
nearly continuous. Table 5 shows snow depths froma |ocation
in Fairbanks and at Ester Done. Table 6 shows air
tenperatures at the approxinmate tine of the aircraft takeoff
on the flight days over the ‘Fairbanks grid.” Each flight
over the Fairbanks grid | asted about 2 hours and 20 m nutes.

Table 5. Snow depths in Fairbanks and at Ester Done on
sel ected dates in April.
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Date Eai r banks Ester Done

4/ 1/ 95 59 cm

4/ 2/ 95 54 cm

4/ 6/ 95 39 cm

4/ 7/ 95 35 cm

4/ 8/ 95 100 cm
4/ 11/ 95 23 cm

Table 6. Average air tenperatures at approximate tinmes of
aircraft takeoffs, and tine of flights over the ‘Fairbanks
grid.’

Date °C Fai r banks | ocal tine

4/ 5/ 95 8° 10:50 - 13:11
4/ 6/ 95 3° 8:42 - 11:01
4/ 13/ 95 10° 11: 08 - 13:36
4/ 21/ 95 -1° 6:59 - 9:29

Snow i n Fai rbanks was actively nelting during the daytine
during the nonth of April. As soon as snow becones wet,
scattering is reduced as the crystals becone coated with
[iquid water. As a result, the snowpack behaves as a | ossy
medi um and the brightness tenperature increases. |In the
vicinity of Fairbanks, the 89-GH brightness tenperatures
averaged 263 K, while in the southern part of the study area

(central Al aska Range) brightness tenperatures were [210 K on

5 April. Deeper snow and | ower tenperatures contributed to

| ower brightness tenperatures there. Additionally, on lines
flown north of Fairbanks, toward the Brooks Range and on the
North Slope, also on 5 April, brightness tenperatures are 10-
40 K lower than in the Fairbanks area because the snow to the
north was still dry in April (Figure 14). Also, in the

Br ooks Range and on the North Slope, there are no trees to

i ncrease the brightness tenperatures there.

Conparison of the vegetation map with the MR data shows that
several |and-cover types influence the mcrowave signal. On
each of the 4 MR images (at 89 GHz) for the Fairbanks grid,

a boundary between the bl ack spruce forest and the neadow

dryas is evident at a latitude of approximtely 64°N, just
south of Fairbanks. Coniferous trees emt nore mcrowave
radi ati on than do tundra or dryas vegetation, and this is one

expl anation for the higher brightness tenperatures in the
bl ack spruce forests.
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In the central part of the Fairbanks grid, brightness
tenperatures are generally quite high due to the nelting
snow. The relatively high brightness tenperatures there
overwhel mthe brightness-tenperature differences that result
fromland-cover variability. This is especially true on
April 13, when the air tenperatures were the highest of the 4
flight days (Table 6), and presunmably, when nelting covered
the | argest extent of area.

O her regions of interest are where finger-like projections
of the spruce-birch forest to the east of Fairbanks intersect
dryas nmeadows and barren areas. Brightness tenperatures are

hi gher in the spruce-birch forest (261 K) than in the dryas

meadows and barren areas ([R51 K) presumably due to the
hi gher em ssivity of the trees.

The | and-cover type is shown to influence mcrowave

bri ghtness tenperature under dry snow conditions. Snow
covered forests cause higher brightness tenperatures than do
snow covered dryas neadows and tundra. However, when the
snowpack is wet, the high emssivity of the snowpack
overwhel ns the contribution of the vegetation to the

bri ght ness tenperature.

Wrk will continue on the current data set to investigate the
i nfl uence of land cover particularly the influence of the
dryas nmeadows and bl ack spruce. Satellite data will be

anal yzed in conjunction with MR data in order to nodify snow
depth retrieval algorithns so that they are nore responsive
to the snow and | and surface conditions encountered in

central and northern Alaska. In addition, analysis of MR
and MAS data, together, will be undertaken.
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8.0 Figure Captions

la. Processing flow of MODI'S snow data products.

Al gorithm processes are depicted as circles. Data inputs
are depicted as shaded rectangles with rounded corners;

light gray inputs are used in Version 1 of the al gorithns,
dark gray inputs are expected to be used in a future version.
Data products are depicted as |light gray rectangl es.

1b. Summary of analysis steps in SNOVAP for a granul e of
MODI S data. Data inputs are depicted as shaded rectangl es;
data inputs used in Version 1 are in light gray, data inputs
for future versions are in dark gray.

2a. Processing flow of MODI S sea ice data products.

Al gorithm processes are depicted as circles. Data inputs
are depicted as shaded rectangles with rounded corners;

light gray inputs are used in Version 1 of the al gorithns,
dark gray inputs are expected to be used in a future version.
Data products are depicted as |light gray rectangl es.

2b.  Summary of analysis steps in | CEMAP for a granul e of
MODI S data, and major steps in ten day conposite. Data

i nputs are depicted as shaded rectangles. Mjor processing
steps are listed in the |ined rectangl es.

3. Spherical al bedo of snow and cl ouds. (After King et
al., 1992; OBrien and Munis, 1975).

4. TM col or conposite (bands 5, 4 and 2) of northern
Mont ana, including dacier National Park (i.d.#5256917454).

5. Snow nmap derived from TM scene shown in Figure 4, using
SNOVAP.  SNOVAP i dentified 10, 670 knZ of snow in the scene.
(A ouds were identified and nmasked by supervi sed
classification to simulate the MODI' S cl oud nask.)

6. H stogram of snow and forest sanples, and forest sanples
from14 March 1991 and 03 Septenber 1990 TM i nages,
respectively, of dacier National Park, Montana region. Snow
sanpl e from snow covered surface of frozen Lake MDonal d
(n=2025) fromthe 14 March 1991 scene. Snowy forest (n=1375)
sanpl e froma snow covered forest valley on the 14 March 1991
scene. Forest sumer (n=2025) and wi nter (n=2025) sanples
fromthe same |ocation in dense forest to the i medi ate west
of Lake MDonal d.

7. Conparison of a Landsat-derived | and-cover classification
by Forrest Hall, NASA/ GSFC (using the 6 August 1990 TM i mage,
i d. #52349-17181100), of the BOREAS study area (image on left)
with the SNOVAP cl assification (using the 6 February 1994 TM
i mage, id.# 53629-171919) (image on right).
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8. SNOVAP and SCA results for SCA categories 96, 84, 72 and
60. Pixels mapped as snow by both algorithns are shown in
white. Pixels nmapped as snow by SCA but not by SNOVAP are
magenta. Pixels mapped as snow by SNOVAP but not by SCA are
cyan. For these SCA categories, agreenent between the two
algorithnms is >98%

9. Plot of NDSI val ue and SCA snow cover category for 1483
snow covered pixels in Sierra Nevada TM scene. SNOVAP
threshol d of NDSI =40 is indicated by the heavy dashed |i ne.
This better illustrates the results of the previous figure:
all pixels in the 72% 84% and 96% SCA cat egori es have NDSI
>40, and are thus nmapped as snow by SNOVAP. Only half the
pi xel s in the 60% snow cover category have NDSI >40, thus
agreenent between the two techniques is approxi mately 50%
and in the | ower snow cover categories all pixels have NDS
<40, and are thus not mapped as snow by SNOVAP

10. Plot of the nean NDSI val ue of each group of pixels from
Figure 9 and SCA category. Average NDSI for each group is
plotted as a filled circle with error bars of two standard
deviations fromthe mean. A linear regression was fitted to
this data, with an r2 of 0.991. Thus for TMdata, NDSI val ue
appears to be an excellent predictor of snow cover fraction.
This linear regression was used to calculate fractional snow
cover for each pixel in the Sierra TM scene.

11. Snow cover fractions have been grouped into three
categories: 1-30% 31-60% and 61- 100% snow covered. The
results of the SCA and NDSI techniques are conpared for these
groupi ngs. Agreenent in the 61-100% category is excellent.
In the 31-60% snow cover category the NDSI technique

overesti mates the nunber of snow covered pixels by
approximately 20% |In the 1-30% category the NDSI techni que
does a poor job of distinguishing snow from other types of
ground surface.

12. Bar graph show ng the agreenment in snow cover
classification between the SNOVAP and SCA al gorithns as a
function of the percentage of snow covered area. { asses
represent differing percent snow cover within a pixel as
determ ned by the SCA algorithm Agreenent is defined as the
percentage of pixels within a given snow cover class that
SNOVAP cl assifies as containing snow. The gray bars indicate
t he agreenent between the SNOVAP and SCA

algorithnms for the Sierra Nevada TMinmage at its origina
resolution. The black bars indicate the agreenment for TM

i mage spatially degraded to 500-m resol ution.

13. Scatter plot showing the relationship between nean NDS
and TM band 4 refl ectance for differing percent snow cover as
calcul ated by the SCA algorithm The nunbers above each

di anond i ndi cate the range of snow cover percents used to

cal cul ate the associated neans. The nmean val ues for each
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snow cover category were calculated from Sierra Nevada TM
data spatially degraded to 500 m

14. 89-GHz passive-mcrowave data fromtransects of MR

i magery showi ng bright ness-tenperature changes from northern
Al aska to southern Al aska during the April 1995 ER-2 m ssi on.
Note that not all of the flights were flown of the sane areas
on each day.



9.0 Appendix A
Product Level Descriptions

Level 0 - Raw instrunent data at original resolution, tine
ordered, with duplicate packets renoved.

Level 1A - Reconstructed unprocessed instrunment data at full
resolution, time referenced, and annotated with ancillary

i nformation, including radiometric and geonetric calibration
coefficients and georeferencing paranmeters (i.e. platform
epheneris) conputed and appended, but not applied to Level 0O
dat a.

Level 1B - Radionetrically-corrected and geol ocated Level 1A
data that have been processed to sensor units.

Level 2 - Derived geophysical paraneters at the sane
resolution and |l ocation as the Level 1 data.

Level 2G - Level 2 geophysical paraneters that have been
gridded onto a specified Earth grid.

Level 3 - Ceophysical parameters that have been spatially
and/ or tenporally re-sanpled (i.e., derived fromLevel 1 or
Level 2 data).

Level 4 - Model output and/or results of |ower-|level data
that are not directly derived by the instrunents.
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Appendi x B

Responses to Reviewers’ Comments from the 16 May 1996 SWAMP Land Review

Dorothy K. Hall
Code 974
Hydrological Sciences Branch
NASA/Goddard Space Flight Center
Greenbelt, MD 20771

In bold, italicized print, below are the comments, verbatim, from the SWAMP “Review
of EOS -AM-1 Land Data Products for ASTER, MISR, and MODIS.” Responses are
shown in non-bold, regular type.

6.2.7a. Data Product: MODI10/33 Snow Cover and Gridded Snow Cover (Review
based on ATBD-MOD-11 November 3, 1994, presentation at workshop, May 16, 1996,
and see below)

Overview: The ATBD for the MODIS snow mapping algorithm bears the date 3
November 1994. Therefore we make the assumption that material from publications
relating to developing and testing this algorithm will find its way into the next version.
Otherwise, many of the serious issues raised by the last review remain unaddressed.

It is unfortunate that the reviewers used the 3 November 1994 ATBD in the current
review. It is out of date. We are not aware of any ‘serious issues’ from the last review
that remain unaddressed. Most new results from papers written since 1994 are included
in the revised version of the ATBD.

a) technical/scientific soundness of the algorithm/approach described (Rating:7)

In SNOMAP, a threshold of the Normalized Difference Snow Index (NDSI) represents
the foundation of the approach, with an additional threshold of band 4 (Landsat TM)
reflectance to separate water. The NDSI shows similarities to NDVI in simplicity and
provides a reasonable measure of snow cover for fully-illuminated open areas with
optically deep snow and cover greater than about 50-60 percent. The method shows
suitability for global mapping because of its automatic operation and adequate
performance with fixed thresholds. The ATBD should focus specifically on global
application. Other methods outperform SNOMAP on a regional scale.

The 1 November 1996 version of the ATBD (Version 3.0) focuses on global-scale
applications as did the 1994 version.
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This approach does not go as far as it could to capitalize on the spectral information
available from MODIS; it uses one band in the visible, one band in the near IR and
one in the short-wave IR. With reasonable water masks as ancillary data, this
algorithm will use only two MODIS bands. Recent research developing spectral
measurements for snow mapping (circa 1993) has shown that additional spectral
information provides better discrimination when using threshold-type algorithms.

As stated at the 16 May 1996 presentation, we are actively planning to employ other
MODIS bands for snow mapping, assuming our work with MAS data show that results
are better with additional bands. Until recently, we have not had the 50-channel MAS
data to work with. Therefore we did not have a way to test improvements to the
algorithm.

b) value of the data product to the land science community (Rating:?7).

Binary maps (on-off pixels) of snow covered are at MODIS spatial resolutions may serve
the research and other interest of the Land Science community working at hemispheric
and large-regional scales. Its value should improve with the availability of quantitative
information on the performance of the algorithm over different land covers and terrain

fypes.

The mixed pixel problem, as manifested in the inability of this algorithm (with the
standard thresholds) to measure partial snow cover less than about 50-60 percent,
represents a major concern. First, we do not know the temporal or spatial significance
of partial snow cover at the global scale. Second, some areas may experience great
changes in snow cover amount while never showing, to a nadir view, snow cover aerial
fractions greater than 50 percent, such as forests and rugged terrain. Forests represent
the primary concern.

Through a series of aircraft and field missions, we will quantify the errors inherent in
mapping snow using SNOMAP in the following land covers: agricultural, alpine, forests,
prairie and tundra. This will be accomplished by comparing SNOMAP-derived results
from MAS data, with snow maps derived from high-resolution air photos. Though an
oversimplification, initially, these errors will be extrapolated globally. Then during the
post-launch time frame, when we have actual MODIS data to work with, error estimates
will be refined in the following way. We will employ the 1-km resolution MODIS-
derived land-cover maps to determine errors in snow-mapping in various cover types.
These errors will be determined from focused field and airdraft campaigns, and from
detailed comparison of the MODIS snow-cover product with the NOAA hemispheric-
scale product and the NOHRSC snow maps in key areas of interest.

In the pre-launch time frame, we plan to study two methods of assessing global-scale
errors in SNOMAP results:
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1) Jim Foster of NASA/GSFC has shown that global albedo data (derived by Robinson
and Kukla (1985) from DMSP satellite data), provide a rough measure of forest density
or forest-cover fraction. Forest-cover fractions are then used to correct passive
microwave algorithms for forest cover, because more snow is mapped in open areas than
in forested areas, with the microwave data.

These same global albedo data can be used to identify areas of the globe in which high
forest-cover density is likely to cause large errors in the measurements of snow-covered
area using SNOMAP. Field and aircraft data, acquired from these areas, can confirm a
problem. Once such areas are identified, and errors are quantified, a decision can be made
whether or not to change the NDSI threshold within these areas in order to reduce the
sSnow-mapping errors.

2) A global land-cover map will be employed; errors determined from field and aircraft
measurements will be extrapolated globally as a rough measure of the global snow-
mapping errors to be expected using SNOMAP. There is an IGBP 1-km land-cover map
of North America that has 17 classes that will be used initially for error estimation.
Many of the classes will be combined for our purposes in order to produce a rough
estimate of SNOMAP errors globally.

Moreover, areas with snow below the detectability limit of this algorithm will cause
other MODIS products to exhibit large variations. For example, surface reflectance
products will show large ranges for the “no snow” condition, due to partial snow cover.

The surface reflectance product does not use snow cover as an input.
¢) soundness of the validation strategy (Rating: 3)

The main weakness in the 1994 version of the ATBD and other materials reviewed lies
in the quantitative validation and determination of error. Responses to the previous
ATBD review acknowledge that aerial photography and methods tested rigorously
against aerial photography constitute unambiguous “ground truth.” The ATBD
should therefore spell out steps taken or planned to compare SNOMAP results and
determine error bars for different land cover and terrain types. Limited tests with snow
maps from spectral mixture modeling show the need to much more of this type of test.
Too much emphasis has been placed on intercomparison of algorithms not
quantitatively linked to ground truth data layers. This provides only relative measures
and cannot establish absolute accuracy. The next ATBD should also describe plans to
quantify algorithm sensitivity to input reflectance.

There remain serious problems with the use of the algorithm over forests, especially
coniferous forests. The ATBD should 1) incorporate a detailed plan addressing



53

SNOMAP performance over forests, 2) make suggestions about what kinds of ancillary
data layers SNOMAP would be required for use on the global scale, and 3) identify
decision criteria of whether to mask out forest, at least in a pre-launch time frame.

We agree that, so far, the emphasis has been placed on intercomparison of results from
different algorithms. Ideally, we want to compare the results of SNOMAP with good,
high-resolution snow maps. We are attempting to do this with two data sets. The first is
a data set that we acquired (high-resolution air photos) in March 1994 in Montana
simultaneous with a Landsat overpass. This data set has been awkward to deal with. We
are currently getting the air photos digitally ‘stitched together,” so that we can construct a
snow map and do a quantitative comparison with the SNOMAP-derived snow map.
Additionally, we have air photos and MAS data from our study areas in Alaska, acquired
during the April 1995 field and aircraft experiment. We have already run the SNOMAP
algorithm on the MAS scenes. Quantitative comparison with air photo-derived snow
maps will be done within the next couple of months.

Additionally, we have a field and aircraft experiment planned for next January and
February in New Hampshire and Wisconsin, in conjunction with the MODIS cloud-
masking (Paul Menzel, Steve Ackerman and others), and the MODIS land-cover group
(Alan Strahler and Dough Muchoney of Boston University). We plan to acquire low-
level air photos of sites that we will overfly with the ER-2 and the MAS. This data set
will allow us to quantitatively compare the SNOMAP and air photo-derived snow maps.
We hope to get a simultaneous Landsat overpass also.

The above-mentioned data sets have been and will be acquired in different land-cover
types, i.e. alpine (in California and Montana), forested (in Montana, New Hampshire and
Alaska), agricultural (Wisconsin), tundra (Alaska) and prairie (Montana). Using the
snow maps derived from air photos, and the snow maps derived from the MAS and
SNOMAP, we will be able to calculate error bars for snow mapping using SNOMAP in
the various land-cover types mentioned above. These results should be available prior to
the June 1998 launch of MODIS.

Use of Landsat TM for a surrogate seems suitable only for near-nadir tests, unless
registered to a DEM in sloping terrain. The ATBD should describe the plan for
investigating non-nadir SNOMAP product. Moreover, the ATBD should describe a
plan to assess the effect on daily snow maps if significant errors were encountered at
moderate viewing angles.

This is true. The TM does not contribute to our understanding of off-nadir view angle
problems that may be associated with MODIS. We found that more snow is mapped in
pixels at near-nadir view angles in a forested area in Canada than at far off-nadir angles.
This is attributed to the forests obscuring the snow from view, especially at extreme off-
nadir view angles. The off-nadir view angle problem, however, has not been noticed in
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preliminary testing of the SNOMAP algorithm in non-forested, snow-covered sites in
Alaska from the April 1995 MAS data set. We have included a new section in the ATBD
to address this (section 4.2.3.3). Using the Alaska ‘95 data, we will quantify off-nadir
view angle errors in tundra and forests, and develop a strategy for correcting for this
effect, especially in forested areas.

d) extent to which 1994 ATBD review issues have been addressed (Rating: 3). Many of
the issues raised by the 1994 review remain, especially in terms of clarity in other
materials we reviewed.

We do not understand this comment. In looking over the 1994 review written by the
review panel, we did very well on the validation issue, with a rating of 9/10. Quoting
from the 1994 review, on validation, the 1994 reviewers stated, “Validation is well
planned - it benefits from the efforts of a number of non-MODIS groups that are
working the problem. The validation plan in the document, however, is too brief.” In
the 1 November 1996 version of the ATBD, the validation plan is much more detailed
than it was in the 1994 ATBD (see section 5.0). We have had several field and/or aircraft
experiements in the past (1991 and 1992 in Montana, 1992 and 1994 in Saskatchewan,
and 1995 in Alaska), and we have one planned for early 1997 in New Hampshire and
Wisconsin. These field experiments are described in section 5.0 of the 1 November
ATBD. Our major problem was that we did not receive any MAS data (in its 50-channel
configuration) until late summer 1996. Since then we have been working hard to address
validation quantitatively utilizing the MAS data.

Error analysis remains a problem. The ATBD needs much work to address both the
previous review and the issues raised here.

Again, from reading the previous review, it is unclear what issues were raised in the
previous review. However, we agree that error analysis should be explained better. We
have added sections in the ATBD that address error analysis plans in different land-cover
types (see sections 4.2.3 and 5.0). In the pre-launch time frame, using data we have
already acquired, and data that we plan to acquire, we can derive error bars in our
SNOMAP-derived snow maps, in various land-cover types (agricultural, alpine, forest,
prairie and tundra), and extrapolate those errors to the global scale. This is discussed in
section 4.2.3 of the 1 November 1996 ATBD). In the post-launch time frame, through a
series of focused field experiments, we can refine the error estimates.

We suggest, as the 1994 review did, shrink lead-in material and expand and improve
testing and evaluation plans.

We have deleted some lead-in material and, I believe, expanded and improved the testing
and evaluation plans.
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As just one example, the section discussing geographic and/or seasonal-induced error
sources does not contain any detailed plan to address this issue.

This section has been deleted; in the previous ATBD, we were attempting to follow the
exact section headings required by the Project. Thus there were some sections that
contained very little material of substance since not all required sections were applicable
to our work. We have now deleted the sections in which we had little to say.

e) near-term recommendations for improvements to the data product.

+ quantify errors with current data to determine limits of performance over different
land cover and terrain types, with different viewing angles.

With the acquisition of the calibrated MAS data, we have begun to address these issues.
From the Alaska ‘95 mission, we have MAS data in the following land covers: forests
(both deciduous and coniferous), muskeg, marsh, tundra and lakes. As stated above, we
now have a plan to quantify the errors of mapping snow in different land covers (see
section 4.2.3).

+ place quantitative estimates on the consistency of SNOMAP performance with respect
to the fractional coverage of snow required to “turn on” a pixel. This could be carried
out by comparing SNOMAP, made with imagery binned to larger pixels with air photo
maps, or some other reference map at higher resolution. This was suggested in the
earlier review.

This has been done using SNOMAP in conjunction with Rosenthal’s snow map of the
Sierra Nevadas derived by spectral-mixture modeling from the 10 May 1992 TM scene.
This will be done again on the additional data sets that we are working on, or plan to
acquire (e.g. Montana ‘94, Alaska ‘95 and data from the New Hampshire ‘97 flights).

+ note that the accuracy of this product will depend on the ability to separate snow from
clouds and it appears that the cloud mask product plans to use snow information. If
true, how can this be done? The plan to use snow cover from a previous period will
necessarily introduce substantial errors. Some clarification of this issue is needed.

The cloud mask will be initialized with snow information from the GOES satellite. Later,
the Wisconsin cloud-mask developers plan to use the SNOMAP-derived maps. We will
be jointly analyzing some of the data from the January/February ‘97 mission in New
Hampshire and Wisconsin with the cloud-mask developers. We are actively involved in
working together as we attend some of their meetings, and they attend ours. Ultimately,
however, we have confidence that the cloud mask will do what the developers say it will
do, and thus we feel that we do not have to account for clouds, except in our prototype



56

algorithms. Even in the prototype algorithms, we will plan to employ the Wisconsin
prototype cloud-mask algorithm for testing.

f) long-term recommendations for improvements or additions to the data product

*if it becomes evident that a different algorithm could perform better than SNOMAP to
produce a global product, begin to detail plans and document tests for follow-on
ATBDs early, especially validation.

Because there currently does not exist a viable alternative to SNOMAP for global use, we
are not ready to do this.

*investigate the synergistic value of enhancing this data product with snow products
from passive microwave sensors (SSM/I, AMSR).

Last May, in the peer-review oral presentation, I showed several vu-graphs describing
the work we’ve done so far using both passive MW and visible data. This was discussed
in the previous and is discussed in the current version of the ATBD. Additionally, for
the Alaska ‘95 field and aircraft program, we flew passive MW imaging sensors along
with the MAS. We have always recognized the utlility of using the data sets in synergy,
as discussed last May, and in both versions of the ATBDs. Our ‘97 mission will also
have passive MW imaging sensors on board. Ultimately, the optimum snow map of the
future will combine MODIS and AMSR data to enable us to map snow cover and snow
water equivalent. We have 3 recent papers out on this topic:

Foster, J.L., A.T.C. Chang and D.K. Hall, 1994: Snow mass in boreal forests derived
from a modified passive microwave algorithm, Multispectral and Microwave Sensing of
Forestry, Hydrology, and Natural Resources, 26-30 September 1994, Rome, Italy,

pp.605-617.

Salomonson, V.V., D.K. Hall and J.Y.L. Chien, 1995: Use of passive microwave and
optical data for large-scale snow-cover mapping,” Second Topical Symposium on the
Combined Optical-Microwave Earth and Atmosphere Sensing, 3-6 April 1995, Atlanta,
GA.

Hall, D.K., J.L. Foster, A.T.C. Chang, D.J. Cavalieri, J.R. Wang and C.S. Benson, 1996:
Analysis of snow cover in Alaska using aircraft microwave data (April 1995),
Proceedings of IGARSS ‘96, 27-31 May, Lincoln, NE, pp.2246-2248.

6.2.7 Balance of Land Data Products as generated by EOS-AM-1 (i.e. ASTER, MISR,
MODIS) to meet the needs of the broader Land science community

a) extent to which the data product (and its accuracies) is useful to the broader land
science community and meshes with the other instrument data products (Rating: 4)
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The snow cover extent is considered a very important product; global and regional
studies have demonstrated this. The discussion on usefulness and accuracy of results
from this algorithm is presented above.

Many of the other MODIS , ASTER and MISR products focus on areas of concern to
the global modeling community, such as forests and mountains. These areas represent
the same land conditions where SNOMAP performs less effectively. Snow in areas with
cover up to 50-60% will simply not contribute to estimates of precipitation, water
storage, evaporation, and so forth, through the use of this algorithm.

The statement, “Snow in areas.......through the use of this algorithm.” is not true. I
have spoken with GCM modelers about this comment. They expect MODIS snow-cover
data to be very useful. As shown in Liston (1995), the grid-averaged energy fluxes during
snow melt are proportional to the fraction of the climate model grid cell that is covered by
snow. The 500-m MODIS resolution represents sub-grid cell resolution for the much
larger area of the GCM grid cell (e.g. 1° X 1°).

For this product, interrelationships between cloud cover and surface reflectance
products need to be explicitly defined. Even small amounts of snow drastically affect
results of some of these algorithms; effects should be quantified.

We cannot quantify effects in other peoples’ algorithms.

b) assessment of plans for the comparison or enhancement of similar data products from
the other instruments? (Rating: 6)

Preliminary comparison with ASTER products shows progress in this direction. While
we consider comparison with other products beneficial, no explicit plan has been
found.

Please see 5.2 in the 1 November 1996 ATBD.

¢) recommendations for changes to improve the balance of land data products
Because of the need identified above for snow algorithm improvements, initiatives a[re]
recommended which expand the community involvement in this data product
development.

The individuals who wrote this statement obviously did not attend the First MODIS
Snow and Ice Workshop held in September 1995. Community involvement was the
theme. 36 snow and ice scientists attended and most offered recommendations. All
recommendations were taken very seriously. There was little concensus, but the
recommendations were implemented when possible. For example, it was recommended
that the MODIS snow-cover maps be produced at 500-m resolution. That change was
made in the algorithm. Furthermore, an Ad-Hoc Committee on MODIS Snow and Ice



Products has been formed. The first meeting will be on November 25, 1996. Both the
workshop and the ad-hoc committee were discussed during the oral part of the 16 May
1996 review.
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